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PREFACE 

The  San  Andreas  fault  is  well-known  for  the  many  damaging  earthquakes  that  have 
occurred  along  its  course.  Along  the  San  Andreas  fault  zone  in  northern  California  (San  Juan 
Bautista  to  Cape  Mendocino),  three  major  episodes  of  surface  rupture  are  known  to  have 
occurred  in  historic  time.  One  episode  in  1838  caused  a  surface  rupture  of  about  25  miles 
(40  km);  one  in  1890  caused  a  surface  rupture  of  about  5  miles  (8  km);  and  another,  the 
notorious  1906  event,  caused  a  surface  rupture  of  270  miles  (432  km). 

Although  the  northern  California  section  of  the  San  Andreas  fault  zone  has  continued  to 
exhibit  frequent  occurrences  of  small  magnitude  earthquakes,  occasional  moderate  sized  (M 
5  Y2)  earthquakes,  and  significant  levels  of  tectonic  creep,  it  has  been  relatively  quiet  since 
1906.  Presently,  in  fact,  that  segment  of  the  San  Andreas  fault  zone  shows  a  marked 
absence  of  seismicity  and  little  evidence  of  strain. 

At  present  neither  the  fault  mechanisms  of  the  northern  section  of  the  San  Andreas  fault 
zone  nor  the  reasons  for  its  relative  quiescence  since  the  early  1900s  are  thoroughly 
understood.  Investigations  of  this  section  of  the  fault  are  complicated  by  the  fact  that 
significant  portions  of  the  fault  zone  lie  beneath  the  waters  of  the  Pacific  Ocean  and  are 
therefore  not  directly  accessible  for  the  usual  investigative  techniques  employed  on  land. 

The  sixteen  papers  collected  in  this  report  are  by  specialists  in  the  earth  sciences  and 
engineering.  Each  paper  represents  a  timely  contribution  to  the  understanding  of  the  San 
Andreas  fault.  The  papers  are  grouped  under  three  headings:  ( 1 )  Geology,  (2)  Geophysics, 
and  (3)  Seismology  and  Engineering.  The  California  Division  of  Mines  and  Geology  is 
pleased  to  have  the  opportunity  to  publish  these  works. 

Robert  Streitz,  Roger  Sherburne 
Editors 


Copy  preparation  by  Claudia  Hallstrom 


GEOLOGY 


GEOLOGY  ALONG  THE  SAN  ANDREAS  FAULT 
FROM  GILROY  TO  PARKFIELD 


by 


Thomas  W.  Dibblee,  Jr.1 


ABSTRACT 

The  San  Andreas  fault  from  San  Juan  Bautista  to  Park- 
field  forms  an  almost  continuous  rift  zone  between  the 
Gabilan  Range  and  Gabilan  Mesa  area  of  the  Salinian 
block  on  the  southwest  and  the  southern  Santa  Clara  Val- 
ley— Diablo  Range  area  on  the  northeast.  The  granitic 
basement  of  the  Gabilan  Range  is  overlain  by  a  thin,  little 
deformed  cover  of  Neogene  sediments  on  the  Gabilan 
Mesa  to  the  southeast.  In  contrast,  the  terrane  northeast 
of  the  fault  consists  of  a  basement  of  Franciscan  rocks 
structurally  overlain  by  a  thick  Cretaceous  and  Cenozoic 
sedimentary  assemblage.  On  this  block  these  units  to- 
gether are  tightly  compressed  into  folds  with  axes  nearly 
parallel  to  the  San  Andreas  fault  by  clockwise  shear  move- 
ment against  the  comparatively  rigid  Salinian  block  along 
the  San  Andreas  and  other  parallel  right-slip  faults. 


INTRODUCTION 

This  report  summarizes  the  complex  geologic  structure 
and  major  fault  movements  along  and  near  the  San  An- 
dreas fault  from  the  vicinity  of  Gilroy  to  Parkfield  (figures 
1  and  2),  based  on  the  author's  geologic  mapping  for  the 
National  Earthquake  Research  Center  of  the  U.S.  Geolog- 
ical Survey  (Dibblee,  1971a,  1971b,  1972,  1973d,  1974c, 
1975a). 

Along  this  segment  of  the  San  Andreas  fault,  two  con- 
trasting geologic  terranes  originally  far  apart  have  been 
juxtaposed  by  right-slip  movement  during  the  Cenozoic 
Era  (Hill  and  Dibblee,  1953).  The  terrane  on  the  south- 
west side  is  part  of  the  Salinian  block  of  granitic  basement 
partly  overlain  by  a  generally  thin  sequence  of  Cenozoic 
sedimentary  and  local  volcanic  rocks.  The  terrane  on  the 
northeast  side  is  part  of  the  block  of  Franciscan  complex 
of  Berkland  and  others  (1972)  now  structurally  overlain 
by  thick  sequences  of  sedimentary  and  local  volcanic 
rocks.  On  the  Salinian  block,  the  sedimentary  assemblage 
is  little  deformed  except  near  the  fault.  In  contrast,  the 
Franciscan  Complex  and  the  overlying  thick  sedimentary 
assemblage  of  the  block  northeast  of  the  fault  are  together 
severely  deformed. 


'  U.S.  Geological  Survey,  U.C.  Sonta  Barbara,  CA. 


The  geologic  structure  of  these  juxtaposed  terranes 
along  this  segment  of  the  San  Andreas  fault  is  generalized 
on  Figure  2,  and  shown  in  more  detail  on  Figures  4  to  10. 
The  author's  tectonic  interpretations  are  summarized  in 
this  report.  The  regional  geology  southeast  of  this  segment 
has  been  mapped  (Dibblee,  1974a,  1974b)  and  the  tecton- 
ics of  the  Salinian  block  to  the  west  have  been  summarized 
(Dibblee,  1976a). 


PHYSIOGRAPHIC  FEATURES  AND  THEIR 
RELATION  TO  THE  SAN  ANDREAS  FAULT 

The  160-km-long  segment  of  the  San  Andreas  fault 
between  Gilroy  and  Parkfield  is  within  the  southern  Coast 
Range  province  (figure  1 ) ,  through  which  it  forms  a  con- 
tinuous N  40°  W-trending  alinement  of  narrow  rift-like 
valleys,  notches,  and  low  scarps.  The  Coast  Ranges  trav- 
ersed by  this  segment  are  low  with  generally  accordant, 
subdued  summits,  but  the  ranges  are  in  large  part  dissect- 
ed by  deep,  youthful  canyons.  The  ranges  appear  to  be,  in 
part,  actively  rising  against  the  San  Andreas  fault  and 
other  faults  of  the  San  Andreas  fault  system. 

The  Gabilan  Range  of  granitic  terrane  is  the  most  ele- 
vated part  of  the  Salinian  block  adjacent  to  the  San  An- 
dreas fault,  rising  to  an  altitude  of  nearly  1,000  m.  It 
decreases  in  height  northwestward  to  Chittenden  Pass  and 
southeastward  to  the  generally  flat-topped  hills  of  the 
Gabilan  Mesa.  This  mesa  area  is  dissected  by  stream  chan- 
nels that  drain  southwestward  to  the  Salinas  River. 

The  San  Andreas  fault  forms  a  prominent  rift  zone  that 
separates  the  mountains  and  hills  of  the  Salinian  block 
from  those  of  the  block  to  the  northeast.  Between  Gilroy 
and  Watsonville  the  northeast  block  includes  the  south- 
eastern end  of  the  Santa  Cruz  Mountains  and  hills  extend- 
ing southeastward,  elevated  along  and  northeast  of  the 
San  Andreas  fault  (figure  4).  The  Santa  Clara  Valley 
between  the  Santa  Cruz  and  Diablo  Ranges  is  an  alluviat- 
ed  lowland  that  remained  depressed  or  even  subsided  dur- 
ing late  Quaternary  time.  The  Diablo  Range  was  elevated 
anticlinally  between  this  valley  and  the  San  Joaquin  Valley 
to  the  northeast.  Southward  this  range  merges  with  the 
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Figure  4.      Geology  along  the  San  Andreas  and  Calaveras  faults  from  Gilroy  to  San  Juan  Bautista. 
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hills  elevated  on  the  northeast  side  of  the  San  Andreas 
fault  adjacent  to  the  Gabilan  Mesa. 

Much  of  the  southern  Diablo  Range  is  drained  by  the 
San  Benito  River  system  (figures  1,  5,  6),  which  flows 
northwest  around  the  Gabilan  Range  to  the  sea  (figures 
1,  4),  rather  than  directly  southwest  across  the  lower 
Gabilan  Mesa,  which  is  lower  than  the  adjacent  Diablo 
Range.  This  condition  suggests  that  the  San  Benito  drain- 
age system  is  being  juxtaposed  southeastward  against  the 
Salinas  River  system  by  right  slip  along  the  San  Andreas 
fault.  The  stream  that  drains  Priest  Valley  further  south 
in  the  Diablo  Range  does  drain  across  the  Gabilan  Mesa 
(figures  1,7),  but  this  drainage  has  been  shifted  progres- 
sively farther  southeastward  from  its  outlet  channel  across 
that  mesa  by  this  same  movement  on  the  fault.  Further- 
more, many  of  the  stream  channels  that  drain  the 
northeast  slope  of  the  Gabilan  Range  are  deflected  east- 
ward along  and  near  the  fault  by  right-slip  movement 
(figure  5). 


GEOLOGIC  STRUCTURE 

Effects  of  Regional  Stress 

Because  of  the  contrasting  character  of  the  basement  on 
)pposite  sides  of  the  San  Andreas  fault,  the  two  blocks 
lave  reacted  differently  to  regional  stress  in  Neogene  time. 
The  rigid  crystalline  granitic  and  metamorphic  basement 
)f  the  Salinian  block  on  the  southwest  side  has  resisted 
stress.  This  is  indicated  by  the  thin,  nearly  flat-lying,  little 
-deformed  Neogene  sedimentary  cover  on  the  granitic 
basement  of  the  Gabilan  Mesa.  Where  this  cover  thickens 
jlong  the  margin  of  the  Gabilan  Range  and  Mesa  toward 
!he  San  Andreas  fault,  it  is  progressively  more  deformed. 

'  In  contrast,  the  Franciscan  complex  of  Berkland  and 
)thers  (1972)  in  the  block  northeast  of  the  San  Andreas 
ault  is  composed  of  graywacke,  sandstone,  shale,  chert, 
;reenstone,  and  associated  mafic  rocks;  all  these  rocks  are 
ometimes  referred  to  collectively  as  Franciscan  basement 
Hill,  1971)  because  they  are  in  large  part  weakly  meta- 
norphosed,  pervasively  sheared,  and  complexly  de- 
ormed;  this  complex  is  now  structurally  overlain  by  thick 
issemblages  of  late  Mesozoic  and  Cenozoic  sedimentary 
ocks.  All  these  rocks  together  are  severely  compressed 
nto  parallel  folds  (figure  2).  This  block  thereby  yielded 
o  stress  because  of  pliable  weakness  of  its  Franciscan 
>asement. 

The  axes  of  folds  formed  in  the  sedimentary  assem- 
•lages  of  both  blocks  and  in  the  Franciscan  rocks  trend 
learly  parallel  to,  and  slightly  more  west  than,  the  San 
Andreas  fault  generally.  This  relation  suggests  that  these 
olds  are  the  effects  of  right-lateral  drag  and  impingement 
long  the  San  Andreas  fault  as  the  Salinian  block  has 
noved  northwestward  along  this  fault  relative  to  the  block 
>n  the  northeast.  This  persistent  stress  has  caused  the 


northeastern  block  to  be  pervasively  compressed  and  dis- 
torted clockwise  while  the  Salinian  block  remained  com- 
paratively rigid  and  less  affected. 

Gabilan  Range  and  Mesa 

The  Gabilan  Range  exposes  the  granitic  basement  with 
pendants  of  metamorphic  rocks  of  the  Salinian  block  as 
described  by  Ross  (1972).  Its  north  end,  northwest  of  San 
Juan  Bautista,  includes  a  sedimentary  basin  that  formed 
in  Tertiary  time  as  part  of  the  La  Honda  basin  of  the  Santa 
Cruz  Mountains  to  the  northwest.  The  Gabilan  Range 
includes  at  its  southeast  end  Tertiary  volcanic  rocks  that 
now  form  Chalone  Peak  and  the  Pinnacles.  The  Gabilan 
Mesa  to  the  southeast  was  eroded  from  nearly  flat-lying 
Neogene  sedimentary  deposits  that  cover  the  granitic 
basement. 

The  Gabilan  Range  and  Mesa  were  elevated  as  a  rigid 
block  against  the  San  Andreas  fault  in  late  Quaternary 
time,  in  large  part  by  slight  southwestward  tilt.  In  Mio- 
cene time  this  block  was  elevated  along  the  Vergeles  fault 
against  the  La  Honda  basin  of  the  Santa  Cruz  Mountains 
to  the  north.  This  block  may  have  been  elevated  in  part 
by  arching  at  that  time  near  the  San  Andreas  fault,  as 
suggested  by  the  thickening  of  the  Miocene  sequence  to- 
ward the  fault.  The  Neogene  sediments  of  the  Gabilan 
Mesa  were  deposited  on  the  northeast  margin  or  marine 
shelf  area  of  the  Salinas  basin  after  an  interval  of  uplift  and 
erosion  that  exposed  the  basement  complex,  then  became 
part  of  the  Salinas  Valley  in  Pleistocene  time  with  deposi- 
tion of  valley  sediments  (QTs  on  figures  3  to  10)  prior  to 
the  latest  uplift. 

Southern  Diablo  Range 

East  of  the  Santa  Clara  Valley,  the  Diablo  Range  is  a 
major  antiform  of  which  the  Franciscan  rocks  form  the 
basement  core  (figure  2).  This  antiform  is  flanked  on  the 
south  by  the  tightly  squeezed  Vallecitos  syncline  (figures 
6  and  9)  in  the  overlying  Cretaceous  and  Tertiary  se- 
quences. This  synclinal  structure  extends  northwestward 
north  of  the  Paicines  fault  (figures  4  and  9),  largely  con- 
cealed beneath  the  Plio-Pleistocene  valley  sediments  and 
alluvium  of  the  eastern  Santa  Clara  Valley,  probably  into 
the  synclinally  folded  Cretaceous  strata  northeast  of  Gil- 
roy  (figure  4),  and  eventually  into  the  Niles  synclinal 
terrane  of  the  East  Bay  hills  (Dibblee,  1976b). 

In  the  Diablo  Range  southeast  of  the  Vallecitos  syncline 
the  thick  Cretaceous  (Great  Valley)  sequence  dips  steeply 
northeast  off  the  Franciscan  Complex  which  again  is  part- 
ly exposed  near  and  adjacent  to  the  San  Andreas  fault 
(figures  2,  6,  7,  8,  10).  The  Franciscan  in  that  area  is  in 
large  part  covered  by  unconformably  overlying  Pliocene 
and  Miocene  marine  strata,  indicating  emergence,  uplift 
and  erosion  by  northeastward  tilt  probably  in  Oligocene 
time  to  expose  the  Franciscan  Complex  extensively,  prob- 
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ably  for  the  first  time.  During  that  episode,  the  Franciscan 
Complex  may  have  been  exposed  continuously  from  Park- 
field  northwest  under  what  is  now  the  Priest  Valley,  San 
Benito  River,  Santa  Clara  Valley,  and  San  Francisco  Bay 
areas  as  the  southeastern  extension  of  the  western  Francis- 
can terrane  of  Dibblee  (1976b). 

The  marine  Miocene  and  Pliocene  strata  that  overlie  the 
eroded  Franciscan  Complex  near  the  San  Andreas  fault 
were  deposited  in  a  marine  channel,  designated  as  the  San 
Benito  (or  Hollister)  trough,  that  extended  northwest 
from  the  San  Joaquin  basin  through  the  Waltham  Canyon, 
Priest  Valley,  San  Benito  River,  and  Hollister  areas  (fig- 
ure 2)  and  across  the  San  Andreas  fault  into  the  La  Honda 
basin  of  the  Santa  Cruz  Mountains,  as  suggested  by  the 
probable  continuity  of  the  Pliocene  sequence  across  the 
fault.  Subsidence  of  this  trough  accelerated  in  Pliocene 
time  when  it  may  have  formed  as  a  pull-apart  depression 
astride  the  fault.  Southeast  of  Priest  Valley  the  Miocene 
sequence  is  about  300  m  thick.  The  Pliocene  sequence  is 
as  thick  as  2,000  m  throughout  much  of  this  trough.  Both 
sequences,  together  with  the  overlying  Plio-Pleistocene 
valley  sediments  (QTs)  are  now  tightly  folded,  especially 
between  the  San  Andreas  and  Paicines  faults. 


FAULTS 

San  Andreas  Fault 

The  youngest  Quaternary  physiographic  features 
formed  along  the  mapped  segment  of  the  San  Andreas 
fault  were  mapped  and  described  by  Brown  (1970)  and 
Sarna-Wojcicki  and  others  (1975).  Evidence  of  large 
amounts  of  cumulative  right-lateral  displacement  that  in- 
volve this  segment  were  documented  by  Hill  and  Dibblee 
(1953),  Dibblee  (1966,  1975b),  Turner  (1970),  Bazely 
(1961),  Huffman  (1972),  and  Matthews  (1976). 

The  mapped  segment  is  physiographically  expressed  al- 
most continuously  along  a  single  active  straight  strand  as 
far  southeast  as  Cholame  Valley,  where  the  strand  is  offset 
en  echelon  from  the  northeast  margin  of  the  valley  south- 
ward to  an  active  strand  on  its  southwest  margin  (figure 
8).  East  of  Peachtree  Valley  this  fault  has  inactive  strands, 
one  on  each  side,  that  bound  a  strip  of  Franciscan  rocks 
composed  of  melange  and  serpentine  (figure  7).  Where 
the  San  Andreas  fault  curves  slightly  around  the  Gabilan 
uplift  near  Hollister  (figure  5)  it  probably  dips  steeply 
southwest  (figure  9),  as  suggested  by  seismic  data  (Pavo- 
ni,  1974),  and  by  northeastward  overturning  of  Pliocene 
strata  on  the  northeast  side. 


Faults  Southwest  of  the  San  Andreas  Fault 

The  Vergeles  fault  (figures  2  and  4)  was  described  by 
Allen  (1946)  and  Clark  and  Reitman  (1973).  It  is  proba- 


bly an  old  strand  of  the  San  Andreas  fault  and  was  active 
primarily  in  early  Miocene  time  with  uplift  of  the  granitic 
basement  to  the  south. 

The  Pinnacles  fault  (figures  5  and  6;  Andrews,  1936 
Wilson,  1943)  is  also  an  old  fault  that  was  active  in  earlj 
Miocene  time  during  and  after  emplacement  and  eruptioi 
of  volcanic  rocks  of  the  Pinnacles  area  and  uplift  of  gra 
nitic  basement  on  the  west.  The  fault  is  covered  by  eruptec 
Miocene  volcanic  rocks  at  its  north  end. 

The  Chalone  Creek  fault  (figure  6;  Andrews,  1936;  Wil 
son,  1943)  is  a  vertical  fault  with  upward  displacement  or 
the  southwest  which  was  probably  active  in  Miocene  time 
Farther  southeast  it  is  covered  by  Neogene  sediments  bu 
is  interpreted  by  Matthews  (1976)  to  extend  southeast  u{ 
Peachtree  Valley.  However,  scattered  oil  test  wells  in  thi: 
area  suggest  that  the  basement  surface  below  the  sedimen 
tary  units  slope  northeastward  with  no  vertical  displace 
ment. 

The  Bear  Valley  fault  was  mapped  by  Wilson  (1943)  oi 
the  east  side  of  Bear  Valley  along  the  contact  of  the  valle; 
sediments  (QTs)  and  small  masses  of  Franciscan  rock 
with  Miocene  units  (Tsg  and  Tm)  to  the  west  (figures  : 
and  6) .  I  interpret  this  contact  to  be  a  northeast-dippin) 
unconformity  at  the  base  of  the  valley  sediments  that  in 
eludes  Franciscan  rocks  as  local  landslide  masses  at  th 
base  (Dibblee,  1966,  p  378;  1975a). 


Faults  Northeast  of  San  Andreas  Fault 


Sargent  and  Related  Faults 

The  Sargent  and  other  faults  near  Gilroy  (figure  4)  an 
right-oblique-slip  faults  that  splay  eastward  from  the  Sai 
Andreas  fault  within  the  Santa  Cruz  Mountains  (figun 
2).  These  faults  are  locally  southwest-dipping  thrusts 
The  Sargent  fault,  in  large  part,  separates  Tertiary  forma 
tions  on  the  southwest  from  Franciscan  rocks  on  th< 
northeast,  but  the  southwest  block  is  physiographicall; 
higher.  Along  the  Carnadero  fault,  the  Franciscan  Com 
plex  is  elevated  on  the  southwest  along  serpentine  agains 
upended  Miocene  strata.  Southeastward  these  faults  near 
ly  merge  and  die  out  into  intensely  folded  Pliocene  strat 
south  of  Hollister  (figure  5).  Near  Hollister,  a  subsurfac 
branch  provides  probable  closure  of  a  southeast-plungin, 
anticline  that  contains  gas  accumulations  in  Pliocen 
sands  in  the  Hollister  gas  field  (figure  4;  Wilkinson 
1967). 

Quien  Sabe,  Bradley  and  Llanada  Faults 

The  Quien  Sabe  fault  (figures  4,  5)  presumably  splay 
eastward  from  the  Calaveras  fault  and  appears  locall 
near  the  base  of  the  Diablo  Range  near  Hollister  as  lov 
scarps,  some  in  alluvial  deposits.  Part  of  the  Diablo  Rang 
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Figure     8.      Geology  along  the  San  Andreas  fault  in  the  vicinity  of  Parkfield.  Faults  numbered  as  follows:  1,  Gold  Hill;  2,  Maxim;  3,  West  Castle  Mountaii 
4,  old  thrust  fault. 
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Figure     9.      Cross  sections  astride  the  San  Andreas  fault  from  San  Juan  Bautista  to  Bear  Valley. 
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Figure  10.     Cross  sections  astride  the  San  Andreas  fault  from  Bear  Valley  to  Parkfield. 
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was  presumably  elevated  along  this  and  associated  faults. 
This  fault  dies  out  southeastward  in  a  small  valley. 

The  Bradley  fault  (figures  5  and  6;  Wilson,  1943)  is  a 
probable  fault  along  the  contact  of  the  Panoche  Forma- 
tion and  Franciscan  Complex.  It  is  not  expressed  physio- 
graphically  and,  because  it  is  in  part  covered  by 
Plio-Pleistocene  valley  sediments,  it  is  considered,  inac- 
tive. 

The  Llanada  fault  (figures  5,  6)  forms  a  north-facing 
escarpment  along  which  the  Franciscan  Complex  was  ele- 
vated against  Plio-Pleistocene  valley  sediments  (QTs)  of 
Panoche  Pass  to  the  north,  and  is  therefore  potentially 
active. 

Calaveras  and  Paicines  Faults 

The  Calaveras  fault  is  an  active,  probably  vertical,  right 
-slip  fault  that  forms  a  continuous  rift  zone  through  the 
western  marginal  hills  of  the  Diablo  Range  near  Gilroy 
(figures  2,  4) .  This  segment  juxtaposes  synclinally  folded 
Cretaceous  strata  on  the  northeast  against  Franciscan 
rocks  overlain  by  valley  sediments  (Santa  Clara  Forma- 
tion) on  the  southwest  side  (figure  4). 

Southeastward,  this  fault  extends  diagonally  across  the 
Santa  Clara  Valley  to  Hollister  (figures  4,  5).  This  seg- 
ment is  expressed  as  a  lineament  that  includes  sag  ponds 
and  small  right-slip  displacements  of  manmade  structures 
(Rogers,  1969;  Rogers  and  Nason,  1967). 


Southeast  of  Hollister  the  Calaveras  fault  veers  to  paral- 
lel the  San  Andreas  as  two  parallel  branches  (Calaveras 
and  Paicines  faults,  figure  5).  Right-slip  along  these  faults 
has  juxtaposed  synclinally  folded  valley  sediments  that 
unconformably  overlie  intensely  folded  Cretaceous  and 
lower  Tertiary  strata  on  the  northeast  against  severely 
folded  late  Cenozoic  strata  of  the  San  Benito  trough  on  the 
southwest. 

Other  Faults  in  Southern  Diablo  Range 

Southeast  of  Paicines  Valley  the  Calaveras  and  Paicines 
faults  imbricate  into  the  Pine  Rock,  Hernandez,  Waltham 
Canyon,  Castle  Mountain  and  other  faults  as  shown  on 
Figures  5  to  8.  Northwest  of  Waltham  Creek  (figure  7) 
these  steep  faults  are  within  the  terrane  of  Miocene  and 
Pliocene  formations  that  unconformably  overlie  the  Fran- 
ciscan Complex  and  serpentine;  southeastward  they  are 
largely  within  the  Franciscan  Complex  and  Cretaceous 
and  Tertiary  formations.  Movement  on  most  of  these 
faults  is  probably  oblique-right-slip.  Locally,  some  are 
thrust  faults.  On  Table  Mountain,  remnants  of  an  old 
thrust  fault  between  Franciscan  rocks  below  and  the 
Panoche  Formation  above  are  evident  (figure  8;  Dickin- 
son, 1966a,  1966b). 
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GEOLOGY  AND  SEISMICITY  AT  THE  CONVERGENCE 

OF  THE  SAN  ANDREAS  AND  CALAVERAS  FAULT  ZONES  NEAR 

HOLUSTER,  SAN  BENITO  COUNTY,  CALIFORNIA 


by 


Thomas  Hardin  Rogers1 


INTRODUCTION 

Location 

This  paper  presents  some  results  of  a  1966-1974  study 
of  the  Hollister  and  San  Felipe  7  '/2-minute  quadrangles. 
The  study  area  is  located  approximately  100  miles  south- 
east of  San  Francisco  and  extends  across  the  wedge- 
shaped  block  between  the  southward  converging  San  An- 
dreas and  Calaveras  fault  zones  (see  figures  1  and  2). 

Purpose  and  Scope  of  Study 

This  study  was  conducted  while  the  author  was  em- 
ployed by  the  California  Division  of  Mines  and  Geology. 
The  study  was  initiated  in  February  1966,  to  investigate 
the  potential  geologic  hazards  and  mineral  resources  of 
the  area.  Field  work  was  carried  out  from  1966  to  1970 
and  intermittently  thereafter  to  1974.  Investigations  in- 
cluded geologic  mapping  (scale:  1 "  =  1,000'),  an  extensive 
gravity  survey  to  assist  in  delineation  of  subsurface  geolog- 
ic structure,  a  study  of  active  fault  creep,  and  an  analysis 
of  available  seismic  data. 

This  paper  presents  a  summary  of  the  geologic  and 
seismologic  aspects  of  the  study.  The  complete  results  are 
being  prepared  for  publication  as  a  Special  Report  by  the 
California  Division  of  Mines  and  Geology. 


GEOLOGIC  UNITS  AND  STRUCTURAL  BLOCKS 


The  San  Andreas  and  Calaveras  fault  zones  are  the 
major  structural  elements  of  the  area.  These  fault  zones 
divide  the  area  into  three  major  structural  blocks  (figure 
2)  characterized  by  significantly  different  basement  rock 
types  and  overlying  stratigraphic  sequences. 


Woodward-Clyde  consultants.  Three  Embarcardero  Center,  San  Francisco,  CA 


Gabilan  Block 

The  Gabilan  block  (figures  2  and  3)  is  located  west  of 
the  San  Andreas  fault  zone.  This  block  contains  a  base- 
ment composed  of  Cretaceous-age  granitic  and  pre-Cre- 
taceous  metamorphic  rocks  (Ross,  1972)  overlain  locally 
by  Miocene  sedimentary  and  volcanic  rocks  (Allen,  1946; 
Bishop,  in  preparation).  West  of,  and  adjacent  to  the 
study  area,  these  Miocene  rocks  (Vaqueros  Formation) 
are  underlain  by  sandstone  and  shale  of  Oligocene  and 
Eocene  age  (Castro,  1967). 

San  Justo  Block 

The  San  Justo  block  (figures  2  and  3)  is  composed  of 
a  Mesozoic-age  Franciscan  Formation  basement  (not  ex- 
posed in  the  study  area)  overlain  by  clastic  sedimentary 
rocks  of  Pliocene  age  ("Purisima"  Formation),  Pliocene- 
Pleistocene  age  (San  Benito  Formation),  and  various 
Quaternary  alluvial  deposits.  The  "Purisima"  Formation 
appears  to  thicken  markedly  to  the  southwest  from  Hollis- 
ter. Adjacent  to  the  San  Andreas  fault  zone,  this  thick 
section  has  been  severely  deformed  into  a  series  of  over- 
turned folds  (figures  2  and  3). 

Sedimentary  rocks  of  Upper  to  Lower  Miocene  age  crop 
out  immediately  to  the  west  in  the  Chittenden  quadrangle 
(Bishop,  in  preparation).  Possibly  Miocene  sedimentary 
rocks  occur  in  the  subsurface,  but  as  yet,  wells  drilled  in 
the  area  have  not  encountered  them  (figure  3  cross-sec- 
tion). 

The  San  Justo  block  can  be  subdivided  into  three  small- 
er structural  units  (figure  2),  a  central  horst  and  two 
adjacent  downdropped  masses.  The  centeral  horst  is  coin- 
cident with  a  large  positive  Bouguer  gravity  anomaly  that 
is  located  along  the  eastern  margin  of  the  Flint  Hills  (fig- 
ure 3) .  This  horst  is  expressed  at  the  ground  surface  large- 
ly by  the  asymmetric  (steep  northeast  flank)  form  of  the 
Flint  Hills.  A  sinuous  graben  transects  this  horst  from 
northwest  to  southeast  (figures  2  and  3).  Within  the  horst 
and  at  depth,  Franciscan  bedrock  is  several  thousand  feet 
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structurally  higher  than  on  the  downdropped  masses  to 
the  northeast  and  southwest.  It  is  postulated  that  major 
faults  form  the  margins  of  the  horst  at  depth;  and  that 
these  faults  die  out  upward  into  a  large  faulted  asymmetric 
uplift — the  Flint  Hills.  According  to  C.  C.  Bishop  (un- 
published data)  the  major  faults  of  this  structural  feature 
can  be  recognized  at  ground  surface  to  the  northwest  in 
the  Chittenden  quadrangle. 

Diablo  Block 


relief.  At  one  location,  3.5  miles  northeast  of  the  Almaden 
Winery,  the  rectilinear  fault  trace  dips  locally  to  the  west. 
A  similar  steep,  westerly  dip  of  the  San  Andreas  fault  zone 
on  a  more  regional  scale  has  been  suggested  for  the  area 
south  of  Hollister.  Using  the  gravity  data  and  interpreta- 
tions of  Bishop  and  Chapman  (1967),  Pavoni  (1973)  has 
pointed  out  that  such  a  westerly  dip  is  a  reasonable  con- 
clusion. 

Calaveras  Fault  Zone 


The  Diablo  block  (figures  2  and  3)  is  located  northeast 
of  the  Calaveras  fault  zone.  This  block  contains  a  base-* 
ment  complex  composed  of  Cretaceous-age  sedimentary 
rocks  of  the  Great  Valley  Sequence  of  Bailey  and  others 
(1964),  underlain  by  Mesozoic-age  sedimentary/meta- 
morphic  rocks  of  the  Franciscan  complex .  East  of  the 
study  area,  sedimentary  rocks  of  Middle  and  Lower  Mio- 
cene age  unconformably  overlie  the  basement  rocks 
(Osuch,  1970).  These  strata  probably  extend  into  the 
study  area  in  the  subsurface,  where  they  are  overlain  by 
Pliocene-Pleistocene  sediments  (San  Benito  Formation) 
and  Quaternary  alluvium  (figure  3  cross-section). 

In  the  Diablo  block  within  the  study  area,  no  major 
folds  were  found  in  the  Cretaceous  bedrock  and  the  domi- 
nant fault  orientation  is  N60°E.  A  few  complimentary 
faults  strike  N45°W.  A  U.S.  Geological  Survey  prelimi- 
nary report  on  geodetic  measurements  (Savage  and  Pre- 
scott,  1974)  states  that  there  is  a  suggestion  of  east-west 
extension  in  this  block.  This  is  in  contrast  to  northwest 
right-lateral  shear  taking  place  west  of  the  Calaveras  fault 
zone. 


MAJOR  FAULTS 


The  Calaveras  fault  zone  extends  throughout  the  study 
area  from  north  of  San  Felipe  Lake  southward  through 
Hollister.  Reconnaissance  by  the  author  to  the  southeast 
and  a  study  by  Pavoni  (1973)  indicate  that  the  Calaveras 
fault  zone  extends  farther  southeastward  and  finally 
becomes  coincident  with  the  Paicines  fault. 

In  most  of  the  study  area,  the  Calaveras  fault  zone  is 
composed  of  one  or  a  few  rectilinear  to  broadly  curvilinear 
subparallel  fault  traces  extending  across  the  wide,  flat 
Hollister  Valley.  Within  the  valley,  there  is  a  marked  dif- 
ference in  ground  water  level  across  the  fault  zone.  Kil- 
burn  (1972)  has  shown  that,  near  the  Hollister  Municipal 
Airport  in  October-November  1968,  water  levels  were 
approximately  60  feet  higher  on  the  east  side  than  on  the 
west.  The  Calaveras  fault  zone  thus  forms  a  significant 
impediment  to  ground  water  percolating  westward  from 
the  Pacheco  Creek  drainage  basin  in  the  Diablo  Range. 
San  Felipe  Lake,  fed  by  the  waters  of  Pacheco  Creek,  is 
a  surface  expression  of  this  phenomenon. 

North  of  San  Felipe  Lake,  the  fault  zone  abruptly  ro- 
tates 25  degreees  counterlockwise  as  it  extends  into  Creta- 
ceous bedrock.  Multiple  fault  traces  can  be  mapped  in  the 
Cretaceous  bedrock,  in  sharp  contrast  to  the  single  trace 
in  Quaternary  alluvium  to  the  south. 


San  Andreas  Fault  Zone 

The  San  Andreas  fault  zone  is  a  linear  zone,  500  to 
2,500  feet  wide,  composed  of  many  fault  traces  that  form 
a  complex,  braided  pattern.  Most  of  these  traces  are  curvi- 
linear; but  one  generally  rectilinear  trace  appears  to  slice 
through  the  braided  pattern.  If  exposures  were  more  com- 
plete, detailed  mapping  might  disclose  this  "one  rectilin- 
ear trace"  to  be  composed  of  several  en  echelon  traces,  as 
has  been  found  on  a  more  regional  scale  by  Wallace 
(1973). 

Within  the  fault  zone,  granitic  rocks  usually  occur  to 
the  west  of  the  rectilinear  trace,  and  sandstone  of  Pliocene 
age  usually  occurs  to  the  east.  In  one  area,  approximately 
4  miles  northeast  of  the  Almaden  Winery  (figure  3), 
this  relationship  is  reversed. 

The  attitude  of  the  San  Andreas  fault  zone  at  the  sur- 
face is  nearly  vertical,  as  evidenced  by  the  relatively 
straight  outcrop  pattern  across  topography  of  appreciable 


Fault  Patterns  and 
Age  of  Faulted  Rocks 

Except  in  the  northern  part  of  the  San  Felipe  quadran- 
gle, the  Calaveras  fault  zone  is  mapped  entirely  within 
Pleistocene-Holocene  sediments.  By  contrast,  the  San  An- 
dreas fault  zone  in  the  study  area  is  mapped  almost  entire- 
ly within  bedrock  of  Pliocene  to  pre-Cretaceous  age.  It  is 
believed  that  this  contrast  in  age  of  associated  rock  units 
is  directly  related  to  the  difference  in  fault  trace  patterns. 
The  San  Andreas  fault  pattern  in  old  bedrock  is  complex 
and  braided  and  one  rectilinear  trace  slices  through  the 
braided  pattern.  The  Calaveras  fault  pattern  in  young 
sediments  is  simple  and  subparallel.  Where  the  Calaveras 
fault  zone  extends  into  old  bedrock  to  the  north  of  San 
Felipe  Lake,  its  fault  pattern  becomes  complex. 

Similar  curvilinear  patterns  transected  at  low-angles  by 
rectilinear  traces  have  been  recognized  and  analyzed  by 
Crowell  (1952)  and  Dickinson  (1966)  along  the  San  An- 
dreas fault  zone  in  relatively  old  bedrock. 
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The  above-described  association  of  fault  trace  pattern 
and  age  of  mapped  bedrock  also  has  been  observed  along 
the  Hayward  fault  zone  (C.  L.  Taylor,  Woodward-Clyde 
Consultants,  oral  communication,  March  1977).  Evident- 
ly, in  these  cases,  the  older  bedrock  reflects  a  longer  and 
more  complex  deformational  history.  A  general  theory  to 
explain  these  relationships  and  evaluation  of  the  deforma- 
tional history  has  been  proposed  by  Rogers  (1973).  Brief- 
ly, the  theory  assumes  that  lateral  displacement  will  occur 
most  easily  and  preferentially  along  an  approximately  pla- 
nar fault  surface  that  "crops  out"  as  a  rectilinear  fault 
trace.  As  repeated  displacements  occur,  local  heterogenei- 
ties in  rock  type  (among  other  factors)  will  cause  the  fault 
surface  to  become  warped,  and  the  fault's  trace  will 
become  curvilinear.  This  causes  increased  friction  and 
eventually  a  "locked"  condition.  To  accomodate  further 
strain  release,  a  new  cross-cutting  planar  fault  develops 
which  is  expressed  at  ground  surface  as  a  new  rectilinear 
trace,  shortcutting  the  old  curvilinear  trace. 

A  mechanical  model  for  developing  such  curvature  or 
sinuosity  on  strike-slip  faults  has  been  postulated  by  Brid- 
well  (1975),  based  on  data  from  the  Parkfield  earthquake 
of  June  1966. 

Sargent  Fault  Zone   (Projection) 

The  Sargent  fault  zone  is  projected  into  the  study  area 
entirely  in  the  subsurface  along  the  northeastern  flank  of 
the  Flint  Hills  uplift  (figure  3).  This  location  is  only 
approximate  and  is  based  on  projections  from  data  west 
of  the  study  area.  If  projected  from  mapped  locations,  the 
Sargent  fault  would  seem  to  intersect  the  Calaveras  fault 
zone  approximately  1.5  miles  north  of  Hollister.  However, 
there  is  no  direct  evidence  justifying  such  a  projection. 


SEISMICITY 


Earthquake  History 

The  history  of  local  and  remote  earthquakes  felt  in  the 
study  area  was  investigated  by  consulting  the  following 
sources:  1)  "U.S.  Earthquakes,"  a  periodical  series,  for  the 
period  1928-1972;  2)  the  Townley-Allen  earthquake 
catalogue  (Townley  and  Allen,  1939)  for  the  period  1798 
-1928;  and  3)  the  Report  of  the  State  Earthquake  Com- 
mission (Lawson,  editor,  1908)  for  the  earthquakes  of 
1906  (San  Francisco)  and  1868  (Hayward). 

Since  1928,  when  a  formal  system  of  earthquake  moni- 
toring was  established  by  the  U.S.  Coast  and  Geodetic 
Survey,  an  average  of  eight  earthquakes  per  year  have 
been  felt  in  the  Hollister  area.  Most  of  these  earthquakes 
were  assigned  Modified  Mercalli  Intensities  below  V.  The 
distribution  of  damaging  earthquakes  (Intensity  V  and 
above)  per  decade  are  shown  in  the  following  tabulation: 


Number  of 

Number  of 

Intensity 

Intensity  V 

VI  and  VII 

Earthquakes 

Earthquakes 

Decade 

(minor  damage) 

(major  damage) 

1930-1940 

4 

1 

1940-1950 

8 

7 

1950-1960 

14 

7 

1960-1970 

19 

3 

1970   (1972) 

7  + 

1  + 

Major  earthquakes  that  have  been  felt  in  the  study  area 
include   (in  order  of  decreasing  intensity): 

•  Intensity  VIII— IX  —     San  Juan  Bautista,  1800 
Hollister,  1897 


Intensity  VII— VIII  -  Hollister,  1885 
Hollister,  1906 


Intensity  VII  -  Hollister,  1868 
Hollister,  1882 
Hollister,  1883 
(  Hollister,  1890! 
Hollister,  1911 
Hollister,  1917 
Hollister,  1939 
Hollister,  1949 
Hollister,  1961 


(Hayward  Earthquake) 


(Coyote  Earthquake) 


San  Francisco  1906  Earthquake 

This  earthquake  is  the  most  thoroughly  documented 
event  that  has  caused  severe  damage  in  Hollister.  One  of 
the  three  brick  commercial  buildings  that  completely  col- 
lapsed, the  Granger's  Union  Building  at  the  southwest 
corner  of  7th  and  San  Benito  Streets,  is  shown  in  Figure 
4.  The  collapsed  structures  were  reported  to  be  of  poor 
quality  construction  (Lawson,  1908).  An  eye-witness, 
Mr.  William  Tomlin,  was  standing  at  his  back  door  look- 
ing at  the  Granger's  Union  Building.  He  "saw  the  building 
apparently  rise  into  the  air  and  collapse  with  a  mighty 
roar.  On  the  front  part  of  the  building,  hardly  one  brick 
was  left  standing  upon  another"  {Hollister  Free  Lance, 
April  20,  1906). 

A  Catholic  School  ("School  of  the  Sacred  Heart") 
located  in  the  western  part  of  Hollister  was  the  only  wood 
-frame  building  to  be  severely  damaged.  This  large,  three- 
story  structure  moved  bodily  northward  nearly  eight  feet, 
rotated  counterclockwise  off  of  its  five-foot-long  support- 
ing wood  studs,  and  dropped  to  the  ground  (figure  5). 
According  to  the  Hollister  Free  Lance  (April  20,  27, 
1906): 

"At  the  School  of  the  Sacred  Heart,  the  shock  seemed 
to  vent  a  malignant  spite.  The  large  three  story  building 
was  wrenched  from  its  foundations  and  the  walls  spread 
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Figure  4.     City  of  Hollister  -  Granger's  Union  Building  after  collapse  during  1906  earthquake   (courtesy  Peter  Borovich) . 


Figure  5.      City  of  Hollister  -  School  of  the  Sacred  Heart,  showing  damage  of  1906  earthquake   [courtesy  Peter  Borovich). 
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apart..."  However,  "the  beautiful  stained  glass  windows.- 
.. escaped  injury". 

Epicenter  Locations 

Most  of  the  earthquakes  described  above  were  gener- 
ated by  fault  displacements  along  the  San  Andreas,  Cala- 
veras, and  other  faults  in  the  general  vicinity  of  the  study 
area.  Beginning  in  1969,  the  U.S.  Geological  Survey  began 
operating  a  dense  network  of  seismograph  stations  in  the 
Hollister  area.  This  provided  epicenter  locations  within  1 
kilometer  accuracy  for  the  first  time  and,  thus,  the  oppor- 
tunity to  compare  seismicity  with  local  geology.  Earth- 
quake epicenters  shown  on  Figure  3  were  recorded  by  the 
U.S.  Geological  Survey  in  the  Hollister-San  Felipe  area  by 
their  seismograph  network  during  the  period  1969  to  1973 
(plus  selected  1974  events). 


RELATIONSHIP  OF 
SEISMICITY  TO  FAULTS 

Seismicity  is  closely  associated  with  several  fault  zones 
in  the  study  area  (figure  3).  This  seismicity,  plus  data  on 
tectonic  creep  and  fault-related  geomorphic  features  in  or 
adjacent  to  the  study  area,  are  described  below.  Evalua- 
tion of  these  data  indicates  that  the  San  Andreas,  Cala- 
veras, Sargent,  and  Busch  Range  fault  zones  clearly 
contain  active  faults.  For  the  purposes  of  this  paper  "ac- 
tive" and  "potentially  active"  are  used  as  defined  by  the 
State  of  California  (Hart,  1974). 

San  Andreas  Fault  Zone 

On  Figure  3  it  is  apparent  that  an  alignment  of  epicen- 
ters is  located  1.5  miles  west  of,  rather  than  within,  the  San 
Andreas  fault  zone.  This  is  now  thought  to  be  largely  the 
result  of  a  systematic  error  in  location  of  individual  epic- 
enters due  to  an  overly  simplified  velocity  model  used  in 
the  epicenter  location  process.  Boore  and  Hill  (1973) 
have  shown  that  in  the  Bear  Valley  area  25  miles  southeast 
of  Hollister,  epicenters  can  be  relocated  on  the  San  An- 
dreas fault  zone  by  using  a  refined  model  based  on  local 
velocity  data.  Such  a  refined  model  in  the  Hollister  area 
should  take  into  account  geological  inhomogeneities  such 
as  the  thick,  low-density  Pliocene  basin  (figure  3  cross- 
section)  adjacent  to  the  San  Andreas  fault  zone. 

Fault  displacement  on  the  San  Andreas  fault  zone  in  the 
study  area  is  right-lateral  as  indicated  by  earthquake  fault 
-plane  solutions  (Bolt  and  others,  1968),  by  tectonic 
creep  data  (Rogers  and  Nason,  1971),  by  right-lateral 
stream  offsets  in  the  Hollister  quadrangle,  and  by  the 
orientation  and  pattern  of  faults  and  fold  axes  east  of  the 
fault  zone  (figure  3). 

Nearly  all  of  the  geomorphic  evidence  for  active  fault 
displacement  along  the  San  Andreas  fault  zone  (that  is, 


sag  ponds,  fault  troughs,  springs,  etc.)  occurs  along  one 
rectilinear  fault  trace.  Evidence  for  tectonic  creep  also  is 
confined  to  the  single  rectilinear  trace.  The  well-known 
Almaden  Winery  site,  where  the  phenomenon  of  tectonic 
creep  was  first  observed  (Tocher,  1960),  is  located  on  this 
rectilinear  fault  trace  at  the  southern  boundary  of  the 
Hollister  quadrangle. 

Calaveras  Fault  Zone 

Within  the  study  area,  an  alignment  of  epicenters  is 
located  east  of  the  Calaveras  fault  zone.  This  apparent 
misalignment  is  believed  to  be  the  result  of  a  systematic 
error  in  epicenter  location,  as  in  the  case  of  the  San  An- 
dreas fault  zone  described  above.  North  of  the  study  area 
along  the  Calaveras  fault  zone,  Mayer-Rosa  (1973)  ha; 
shown  that  a  band  of  low-velocity,  sheared  material  in  th< 
fault  zone  can  cause  such  a  location  error.  When  such  i 
band  is  considered  in  the  velocity  model,  epicenters  can  b< 
located  along  the  mapped  Calaveras  fault  zone. 

Recent  historical  displacement  on  the  Calaveras  fault 
zone  has  been  right  lateral,  as  evidenced  by  earthquake 
fault-plane  solutions  (Bolt  and  others,  1968)  by  investiga- 
tions of  tectonic  creep  (Rogers  and  Nason,  1971),  and  by 
geodetic  monitoring  using  a  multi-wavelength  distance 
measuring  instrument  (Huggett,  Slater,  and  Langbein 
1977).  Similar  to  the  San  Andreas  fault  zone,  the  numer- 
ous fault-related  geomorphic  features  and  tectonic  creep 
along  the  Calaveras  fault  zone  are  concentrated  along  one 
rectilinear  trace.  This  trace,  north  of  Hollister  to  Sar 
Felipe  Lake,  is  unusually  well  defined  by  a  linear  string  ol 
sag  ponds,  dammed  drainages,  and  scarps  across  the  wide 
flat  Hollister  Valley.  North  of  San  Felipe  Lake,  where  th< 
fault  zone  is  composed  of  multiple  traces  in  the  Cretaceous 
bedrock,  tectonic  creep  on  at  least  two  of  these  multiple 
traces  has  been  reported  by  Armstrong  (1977;  this  publi 
cation) . 

Sargent  Fault  Zone   (Projection) 

Northwest  of  the  study  area,  numerous  marked  geo- 
morphic features  characteristic  of  faulting  occur  along  the 
Sargent  fault  zone  (McLaughlin,  1974).  Also  in  this  area. 
Burford  (1976)  has  reported  observations  (based  on  tri- 
lateration  data)  of  tectonic  creep  on  the  Sargent  fault  at 
the  rate  of  approximately  3  mm/yr  from  1970  to  1975.  A 
strain  episode  of  several  millimeters  along  the  Sargent 
fault  has  been  reported  as  part  of  the  first  results  of  a 
Hollister-based  University  of  Washington  program  ol 
daily  (when  possible)  precise  distance  measuring  by  a 
multi-wave-length  distance  measuring  instrument 
(Langbein,  1977).  In  addition,  the  seismicity  of  this  pari 
of  the  Sargent  fault  zone  is  well  known  (Brown  and  Lee 
1971). 

The  projection  of  the  Sargent  fault  zone  into  the  studj 
area  is  uncertain.  No  geomorphic  fault-related  feature; 
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(such  as  described  above)  were  found  in  the  area  of  pro- 
lection.  C.  C.  Bishop  (oral  communication,  October 
1976)  suggests  that  the  present  day  Sargent  fault  zone 
may  be  terminated  in  the  adjacent  westward  Chittenden 
quadrangle  by  northwest  extension  of  the  Flint  Hills  faults 
shown  on  Figure  3. 


zones  converge.  Similar  northeast-trending  faults  have 
been  mapped  south  of  Hollister  (figure  3). 


Faults  Between  the  San  Andreas 
and  Calaveras  Fault  Zones 


A  cluster  of  epicenters  is  located  within  the  general 
projection  of  the  Sargent  fault  zone  in  the  study  area.  The 
alignment  of  this  cluster,  however,  is  in  a  northeasterly 
direction,  perpendicular  to  the  projected  Sargent  fault 
zone  and  aligned  instead  with  the  Busch  Ranch  fault. 
These  epicenters  are  more  reasonably  related  to  the  Busch 
Ranch  fault  as  discussed  below. 


Busch  Ranch  Fault 

The  aftershock  zone  of  the  Thanksgiving  Day  earth- 
quake of  November  28,  1974  (Richter  magnitude  5.0), 
follows  a  northeasterly  trend  (figure  3).  This  trend  is 
coincident  with  a  southwestern  projection  of  the  Busch 
Ranch  fault  and  overlaps,  in  part,  the  northeast-aligned 
epicenter  trend  referred  to  above.  Ten  aftershocks  of  the 
Thanksgiving  Day  sequence  were  analyzed  and  showed 
preferred  fault-plane  solutions  indicating  a  left-lateral, 
strike-slip  displacement  along  a  nearly  vertical  fault 
(strike  of  N33°E)  at  depths  of  4  to  7  kilometers  (W.H.K. 
Lee,  U.S.  Geological  Survey,  written  communication, 
January  1975).  No  evidence  was  found  that  indicated  any 
surface  displacement  along  the  Busch  Ranch  fault  during 
the  November  1974  earthquake  (R.  D.  Nason,  U.S.  Geo- 
logical Survey,  oral  communication,  January  1975). 

These  data  illustrate  some  of  the  structural  complexity 
:hat  exists  where  the  San  Andreas  and  Calaveras  fault 


Southwest  of  Hollister,  epicenters  occur  in  a  scattered 
and  occasionally  grouped  pattern.  This  suggests  that  seis- 
mic slip  is  being  released  partly  between  the  San  Andreas 
and  Calaveras  fault  zones  as  well  as  along  them.  Support- 
ing such  a  suggestion  is  the  presence  of  distinct  folding 
and  faulting  of  in  part  Quaternary-age  sediments  and  the 
overturning  of  older  Pliocene  sediments. 

Both  northwest-trending  and  northeast-trending  faults 
have  been  mapped  in  this  area  (figure  3).  Any  of  these 
faults  that  demonstrably  offsets  Plesitocene-age  sedi- 
ments is  a  "potentially  active"  fault  (Hart,  1974).  Some 
of  these  faults  may  also  be  active  faults. 

The  available  data  are  not  sufficient  to  allow  definitive 
assessments  of  fault  activity  for  any  particular  fault  in  this 
region  between  the  Calaveras  and  San  Andreas  fault 
zones.  Further  detailed  investigations,  such  as  those  un- 
dertaken during  siting  studies,  are  needed  to  develop  data 
necessary  for  such  fault  activity  assessments.  For  example, 
those  faults  having  geomorphic  features  most  suggestive 
of  active  faulting  are  the  Flint  Hills  faults  and  their  possi- 
ble continuation  south  of  San  Juan  Valley — the  Union 
Road  faults  (figure  3).  In  addition,  the  Flint  Hills  faults 
may  extend  northwestward  and  terminate  the  active  Sar- 
gent fault  zone.  If  the  Flint  Hills  faults  do  continue  south- 
ward across  the  San  Juan  Valley,  the  age  of  last  fault 
displacement  may  well  be  demonstrated  by  investigations 
in  the  San  Juan  Valley  where  late  Pleistocene  to  Holocene 
terrace  deposits  cover  the  faults. 


REFERENCES 


Olen,  J.E.,  1946,  Geology  of  the  San  Juan  Bautista  quadrangle, 
California:  California  Division  of  Mines  and  Geology,  Bulletin 
133,  112  p. 

\rmstrong,  C.F.,  1977,  Active  fault  phenomena  along  the  Calaveras 
fault  zone  between  San  Felipe  Lake  and  Coyote  Reservoirs, 
Santa  Clara  County,  California:  Geological  Society  of  America, 
Abstracts  with  Programs,  v.  9,  no.  4,  382  p. 

ailey,  E.H.,  Irwin,  W.P.,  and  Jones,  D.L.,  1964,  Franciscan  and 
related  rocks,  and  their  significance  in  the  geology  of  western 
California:  California  Division  of  Mines  and  Geology,  Bulletin 
183,  177  p. 

ishop,  C.C.,  Geologic  map  of  parts  of  the  Chittenden  and  San  Juan 
Bautista  quadrangles,  California:  California  Division  of  Mines 
and  Geology,  unpublished  work  in  progress. 


Bishop,  C.C.,  and  Chapman,  R.H.,  1967,  Bouguer  gravity  map  of 
California,  Santa  Cruz  sheet:  California  Division  of  Mines  and 
Geology,  scale  1:250,000. 

Bolt,  B.A.,  Lomnitz,  C,  and  McEvilly,  T.V.,  1968,  Seismological  evi- 
dence on  the  tectonics  of  central  and  northern  California  and  the 
Mendocino  escarpment:  Bulletin  of  the  Seismological  Society  of 
America,  v.  58,  no.  6,  p.  1725-1768. 

Boore,  D.M.,  and  Hill,  D.P.,  1973,  Wave  propagation  characteristics 
in  the  vicinity  of  the  San  Andreas  fault,  in  Proceedings  of  the 
conference  on  tectonic  problems  of  the  San  Andreas  fault  system: 
Stanford  University  Publications,  Geological  Sciences,  v.  XIII,  p. 
215-224. 

Bridwell,  R.  J.,  1975,  Sinuosity  of  strike— slip  fault  traces:  Geology, 
v.  3,  no.  11,  p.  630-632. 


28 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  14( 


Brown,  R.D.,  Jr.,  and  Lee,  W.H.K.,  1971,  Active  faults  and  prelimi- 
nary earthquake  epicenters  (1969-1970)  in  the  southern  part  of 
the  San  Francisco  Bay  region:  U.S.  Geological  Survey,  Miscella- 
neous Field  Studies  Map  MF-307. 

Burford,  R.P.,  1976,  Slip  on  the  Sarget  fault:  Bulletin  of  the  Seismo- 
logical  Society  of  America,  v.  66,  no.  3,  p.  1013-1016. 

Castro,  M.J.,  1967,  Geology  and  oil  potential  of  the  area  westerly 
of  San  Juan  Bautista,  California,  in  Guidebook,  Gabilan  Range 
and  adjacent  San  Andreas  fault:  American  Association  of  Petro- 
leum Geologists  and  Society  of  Exploration  Paleontologists  and 
Mineralogists,  Pacific  Sections,  Annual  Field  Trip,  October  20- 
21,  1967,  p.  81-86. 

Clark,  J.C.,  and  Rietman,  J.D.,  1973,  Oligocene  stratigraphy,  tecton- 
ics, and  paleogeography  southwest  of  the  San  Andreas  fault, 
Santa  Cruz  Mountains  and  Gabilan  Range,  California  Coast 
Ranges:  U.S.  Geological  Survey,  Professional  Paper  783,  18  p. 

Crowell,  J.C.,  1952,  Geology  of  the  Lebec  quadrangle  California 
Division  of  Mines  and  Geology,  Special  Report  24,  23  p. 

Dickinson,  W.R.,  1966,  Structural  relationships  of  San  Andreas  fault 
zone,  Cholame  Valley  and  Castle  Mountain  Range:  Geological 
Society  of  America  Bulletin,  v.  77,  p.  707-726. 

Ellsworth,  W.L.,  1975,  Bear  Valley,  California,  earthquake  sequence 
of  February-March  1972:  Bulletin  of  the  Seismological  Society 
of  America,  v.  65,  no.  2,  p.  483-506. 

Hart,  E.H.,  1974,  Zoning  for  surface  fault  hazards  in  California;  the 
new  special  studies  zone  maps:  California  Division  of  Mines  and 
Geology,  California  Geology,  v.  27,  no.  10,  p.  227-230. 

Huggett,  G.R.,  Slater,  L.E.,  and  Langbein,  J.,  1977,  Fault  slip  epi- 
sodes near  Hollister,  California;  initial  results  using  a  multi-wave- 
length distance— measuring  instrument:  Journal  of  Geophysical 
Research,  v.  82,  no.  23,  p.  3361-3368. 

Kilburn,  C,  1972,  Groundwater  hydrology  of  the  Hollister  and  San 
Juan  Valleys,  San  Benito  County,  California,  1913-1968:  U.S. 
Geological  Survey,  Open-File  Report,  44  p. 

Langbein,  J.,  1977,  Fault  slip  episodes  near  Hollister,  California 
abstract:  EOS,  Transactions  of  the  American  Geophysical  Union, 
v.  58,  no.  3,  169  p. 

Lawson,  A.C.,  chairman,  1908,  State  Earthquake  Investigation  Com- 
mission, The  California  earthquake  of  April  18,  1906:  Carnegie 
Institution  of  Washington,  Publication  87  (reprinted  in  1969  in 
two  volumes — text  and  atlas  of  maps) . 


Mayer-Rosa,  D.,  1973,  Travel  time  anomalies  and  distribution  c 
earthquakes  along  the  Calaveras  fault  zone,  California:  Bulleti 
of  the  Seismological  Society  of  America,  v.  63,  no.  2,  p.  713-72$ 

McLaughlin,  R.J.,  1974,  The  Sargent-Berrocal  fault  zone  and  it 
relation  to  the  San  Andreas  fault  system  in  southern  San  Fran 
cisco  Bay  region  and  Santa  Clara  Valley,  California:  U.S.  Gee 
logical  Survey,  Journal  of  Research,  v.  2,  no.  5,  p.  593-598. 


Osuch,  L.T.,  1970,  Geology  of  (part  of)  the  Three  Sisters  quadran 
gle,  California:  University  of  California,  Berkeley,  unpublished  M 
A.  thesis,  59  p. 

Pavoni,  N.,  1973,  A  structural  model  for  the  San  Andreas  fault  zon< 
along  the  northeast  side  of  the  Gabilan  Range,  in  Proceeding 
of  the  conference  on  tectonic  problems  of  the  San  Andreas  faul 
system:  Stanford  University  Publications,  Geological  Sciences,  v 
XIII,  p.  259-267. 

Rogers,  T.H.,  and  Nason,  R.D.,  1971,  Active  displacement  on  thi 
Calaveras  fault  zone  at  Hollister,  California:  Bulletin  of  the  Seis 
mological  Society  of  America,  v.  61,  p.  399-416. 

Rogers,  T.H.,  1973,  Fault  trace  geometry  within  San  Andreas  an< 
Calaveras  fault  zones — a  clue  to  the  evolution  of  some  transcui 
rent  fault  zones,  in  Proceedings  of  the  conference  on  tectoni 
problems  of  the  San  Andreas  fault  system:  Stanford  Universit 
Publications,  Geological  Sciences,  v.  XIII,  p.  251-258. 

Ross,  D.C.,  1972,  Geologic  map  of  the  pre-Cenozoic  basemen 
rocks,  Gabilan  Range,  Monterey  and  San  Benito  Counties,  Cali 
fornia:  U.S.  Geological  Survey,  Miscellaneous  Field  Studies  Ma| 
MF-357. 

Savage,  J.C.,  and  Prescott,  W.H.,  1974,  Report  on  geodolite  survey 
in  the  Hollister  area,  1971-1973:  U.S.  Geological  Survey,  unpur. 
lished  report. 

Tocher,  D.,  1960,  Creep  on  the  San  Andreas  fault;  creep  rate  an 
related  measurements  at  Vineyard,  California:  Bulletin  of  th 
Seismological  Society  of  America,  v.  50,  p.  396-404. 

Townley,  S.D.,  and  Allen,  M.W.,  1939,  Descriptive  catalogue  o 
earthquakes  of  the  Pacific  Coast  of  the  United  States,  1769 
1928:  Bulletin  of  the  Seismological  Society  of  America,  v.  29,  nc 
1,  297  p. 

Wallace,  R.E.,  1973,  Surface  rupture  patterns  along  the  San  Ap 
dreas  fault,  in  Proceedings  of  conference  tectonic  problems  of  th 
San  Andreas  fault  system:  Stanford  University  Publications,  Gee 
logical  Sciences,  v.  XIII,  p.  248-250. 


MOVEMENT  ALONG  THE  SOUTHERN  CALAVERAS 
FAULT  ZONE  AS  SHOWN  BY  FENCE  LINE  SURVEYS 

by 
Charles  F.  Armstrong,1  David  L.  Wagner,1  and  Edward  J.  Bortugno1 


ABSTRACT 


The  Calaveras  fault  zone  is  characterized  by  right-lat- 
eral, strike-slip  movement.  In  Hollister,  cracked  and  off- 
set streets,  curbs,  and  sidewalks  delineate  fault  creep  along 
the  single  active  strand  in  that  area.  North  of  Hollister 
where  the  Calaveras  fault  zone  passes  through  the  Diablo 
Range,  it  becomes  a  multiple-strand  fault  zone  with  a 
vertical  (reverse)  fault  component.  In  some  sections  of  the 
fault  zone,  as  many  as  twelve  Quaternary  fault  strands  and 
at  least  two  historically  active  strands  have  been  identi- 
fied. The  width  of  the  fault  zone  in  some  places  is  as  great 
'as  two  kilometers.  The  active  fault  strands  appear  to  be  en 
^echelon,  and  activity  steps  to  the  right. 

Creep  monitoring  devices  have  been  used  successfully 
in  the  Hollister  area,  but  little  success  has  been  obtained 


with  these  devices  in  the  Diablo  Range;  however,  old  fence 
lines  adequately  serve  the  same  purpose.  Fence  lines  estab- 
lished along  Spanish  grant  boundaries  have  recorded  fault 
creep  for  more  than  a  century  and  a  half.  The  total  of  the 
offsets  along  a  fence  line  that  crosses  all  of  the  active  fault 
strands  is  equivalent  to  an  average  of  1.0  to  1.5  centimeters 
per  year.  This  figure  is  consistent  with  geodimeter  meas- 
urements in  the  area.  Although  it  cannot  readily  be  deter- 
mined whether  the  strands  moved  synchronously  or 
independently,  it  is  clear  that  all  have  been  active  some- 
time during  the  last  150  years.  Because  there  are  no 
records  of  ground  rupture  or  epicenters  of  large  earth- 
quakes in  the  area  during  this  period  of  time,  it  is  assumed 
that  the  offsets  are  the  result  of  fault  creep. 


Figure  1.  Calaveras  Fault  Zone.  Looking  south 
from  a  location  in  the  study  area  approximately 
2  kilometers  NW  of  San  Felipe  Lake  (Soap  Lake) . 
Trace  of  one  active  fault  passes  through  elongate 
reservoir  in  upper  left  and  near  water  trough  in 
center  right.  Trace  of  another  active  fault  passes 
through  intersection  of  meandering  stream  and 
fence  in  lower  right  and  disappears  from  view 
near  center  of  picture.  Photograph  by  C.F.  Arm- 
strong,  1975. 
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Figure  2.     Study  area  location  map. 
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INTRODUCTION 


The  Calaveras  fault  zone  is  part  of  the  larger  San  An- 
dreas Fault  system.  Although  it  is  only  one  fault  in  the  San 
Andreas  system,  it  is  an  imposing  geologic  feature  in  its 
own  right.  The  Calaveras  is  a  zone  of  fractures,  that  ex- 
tends from  south  of  Hollister  northward  160  km  or  more. 
Vertically,  the  fault  may  extend  downward  through  the 
earth's  crust  to  the  upper  mantle  32  kilometers  below  the 
land  surface  (Stewart,  1968).  Prowell  (1975)  estimated 
that  the  total  displacement  along  the  Calaveras  fault  may 
be  16  or  17  km  in  the  last  3.5  million  years  and  that  it 
could  be  as  much  as  65-72  km  in  the  last  8  million  years. 

New  data  on  the  Calaveras  fault  zone  were  obtained 
during  a  cooperative  study  conducted  by  the  California 
Division  of  Mines  and  Geology  and  Santa  Clara  County. 
This  study,  entitled  "Environmental  Geologic  Analysis  of 
the  Diablo  Range  Study  Area",  by  C.  F.  Armstrong  and 
D.  L.  Wagner,  covers  approximately  36  square  kilometers 
(14  square  miles),  including  a  segment  of  the  Calaveras 
fault  zone  about  10  kilometers  (6  miles)  long  (figure  2). 

DESCRIPTION  OF  THE  FAULT  ZONE 

The  Calaveras  fault  zone  is  characterized  by  historically 
active,  right-lateral,  strike-slip  faulting.  Immediately 
south  of  San  Felipe  Lake,  the  Calaveras  is  a  single  fault, 
trending  N20°W.  As  it  enters  the  study  area  near  San 
Felipe  Lake,  the  Calaveras  becomes  a  zone  of  faulting 
which  trends  N25°W  (figure  3).  The  maximum  width  of 
the  fault  zone  is  about  2  km  and  as  many  as  a  dozen  fault 
strands  can  be  identified  in  some  sections.  Curvilinear 
fault  strands  branch  and  coalesce,  resulting  in  a  complex 
braided  fault  pattern,  and  enclose  lozenge-shaped  fault 
slivers.  Superimposed  on  this  interwoven  network  are  the 
more  recently  active  en  echelon  faults  which  appear  to  be 
unconnected  at  the  surface.  Fault-related  geomorphic  fea- 
tures abound,  indicating  at  least  Holocene  activity  along 
most  of  the  fault  strands. 

A  significant  vertical  component  of  movement  within 
the  fault  zone  is  evidenced  by  at  least  two  levels  of  uplift 
in  the  westernmost  portion  of  the  Diablo  Range.  Uplifted 
erosion  surfaces  are  marked  by  flat  to  gently  rolling  topog- 
raphy at  two  levels  in  the  Gilroy  Hot  Springs  quadrangle. 
This  uplift  and  the  slight  bend  in  the  fault  suggest  that,  in 
the  zone  north  of  San  Felipe  Lake,  the  fault  becomes  a 
reverse  fault  dipping  steeply  to  the  east  under  the  Diablo 
Range. 

Older  faults  (those  faults  that  do  not  show  evidence  of 
movement  during  Quaternary  time)  trend  northwest,  par- 
allel to  the  trend  of  the  Diablo  Range  (figure  3).  Some  of 
these  may  represent  an  ancestral  Calaveras  fault  zone  to 
the  east.  These  faults  exhibit  pronounced  bending  and 
possibly  have  been  deformed  by  subsequent  movement 
along  the  younger  Calaveras  fault  zone. 


FAULT  CREEP 

Fault  creep  is  the  mode  of  movement  along  the  Cala- 
veras fault  zone.  South  of  the  study  area,  historic  activity 
appears  to  be  limited  to  a  single  fault  trace.  North  of  San 
Felipe  Lake  in  the  study  area,  historic  activity  seems  to  be 
distributed  over  more  than  one  fault  trace.  The  surface 
evidence  indicates  that  the  most  recent  activity  steps  to  the 
right  (north)  and  is  transferred  to  en  echelon  strands  to 
the  right  (east)  (figure  3).  In  most  sections  of  the  study 
area,  at  least  two  historically  active  fault  strands  can  be 
identified. 

There  is  a  great  deal  of  evidence  indicating  historically 
active  movement  along  the  Calaveras  fault  zone.  In  Hollis- 
ter, cracked  and  offset  streets,  curbs,  and  sidewalks  deline- 
ate the  fault.  Geodimeter  measurements  both  north  and 
south  of  the  study  area  show  1.0  to  1.5  cm  per  year  of 
right-lateral  movement  across  the  width  of  the  fault  zone 
(J.  C.  Savage,  oral  communication,  1976).  Creepmeters  at 
Coyote  Reservoir  (Jack  Bennett,  oral  communication, 
1975)  and  Hollister  (Rogers  and  Messinger,  1975)  show 
as  much  as  1 .0  cm  per  year  of  movement  on  individual 
strands.  The  highway  bridge  on  the  south  end  of  Ander- 
son Reservoir  (spanning  an  active  trace  of  the  fault)  is 
distressed  (Berkland,  1975).  Cracks  may  be  observed  in 
the  road  around  Coyote  Reservoir  and  in  roads  within  the 
study  area  where  they  are  crossed  by  active  fault  strands. 

FENCE  LINE  SURVEYS 

Although  creep-monitoring  devices  have  been  used 
successfully  in  the  Hollister  area,  the  erratic  behavior  of 
those  devices  located  in  the  Diablo  Range  (R.  D.  Nason, 
oral  communication,  1975)  has  resulted  in  little  success  in 
that  area.  Within  the  study  area,  however,  old  fence  lines 
were  found  to  adequately  serve  the  same  purpose. 

Ten  fences  within  the  study  area  were  surveyed  in  an 
effort  to  detect  historic  fault  activity  (figures  5-9).  A 
transit  was  used  to  establish  a  line  parallel  to  each  fence 
and  the  distance  from  that  line  to  the  base  of  each  fence 
post  was  measured  with  a  tape.  The  oldest  fences  probably 
date  back  to  1811,  when  the  Rancho  San  Ysidro,  which 
occupies  much  of  the  study  area,  was  granted  by  Spain 
(Arbuckle,  1968).  Although  the  fences  may  not  actually 
be  this  old  (165  years),  they  presumably  were  built  as 
replacements  of  original  fences.  It  is  assumed  that  the 
original  fences  were  built  in  relatively  straight  lines  and 
that  their  replacements  are  faithful  in  location  to  the  origi- 
nals. If  a  fence  showed  a  dislocation  at  the  time  of  replace- 
ment, correction  probably  was  made  only  in  the 
immediate  area  of  the  dislocation,  rather  than  over  the 
entire  fence  line. 

Four  of  the  fence  lines,  represented  by  surveys  1  and  1 1; 
8  and  9;  10,  5,  and  6;  and  7,  transect  portions  of  the 
Calaveras  fault  zone  of  sufficient  width  to  show  either  two 
or  three  points  of  dislocation  each.  It  is  probable  that  these 


32 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  141 


EXPLANATION 

Study  area   boundary 
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Figure  3.     Fault  activity  map. 
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Figure  4a.  Offset  fenceline.  Old  fence  shows 
active  right  lateral  fault  creep.  Abandoned 
creepmeter  housing  boxes  are  visible  on  left  side 
of  fence.  Photograph  by  C.F.  Armstrong,   1975. 


igure  4b.  Field  crew  using  transit  and  tape  to 
etermine  amount  of  right  lateral  offset  in  fence. 
motograph  by  C.F.  Armstrong,    1975. 


lislocations  represent  offsets  along  separate  and  parallel 
listorically  active  fault  strands.  The  sum  total  offset  for 
ach  of  the  four  fence  lines  is  175,  169,  120  and  124 
entimeters,  respectively.  The  first  two  fence  lines  (sur- 
eys  1  and  11;  8  and  9)  apparently  cross  all  historically 


active  fault  traces  in  their  sections  and,  assuming  an  age 
of  about  150  years,  both  average  slightly  more  than  1.0 
centimeter  per  year  of  movement.  The  latter  two  fence 
lines  (10,  5,  and  6;  and  7)  either  are  not  as  old,  or  they 
do  not  intersect  all  of  the  historically  active  strands. 
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Figure  5.     Fence  surveys  I  and  II   (II  after  C.E.  Hall,  1974). 
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Figure  6.     Fence  surveys  8  and  9. 
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Figure  7.      Fence  surveys  10,  5,  and  6. 
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Figure  8.     Fence  survey  7. 
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Figure  9.     Fence  surveys  2,  3,  and  4. 


Two  fence  lines,  represented  by  surveys  2  and  4,  each 
ransect  only  small  portions  of  the  width  of  the  Calaveras 
ault  zone.  Each  showed  a  single  fault  offset  of  1 1 5  cm  and 
120  cm,  respectively.  At  least  one  more  parallel  fault 
itrand  is  probably  active  outside  of  the  span  of  the  fences. 

ence  survey  3  showed  no  discernable  offset — the  fence  is 
lew  (less  than  10  years  old)  and  probably  did  not  follow 
i  pre-existing  fence  line.  Two  other  fences  in  the  study 
irea  appear  to  be  offset  by  active  fault  strands,  but  were 
lot  surveyed. 
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All  fault  activity  indicated  by  the  fence  surveys  is  in  a 
right-lateral,  strike-slip  sense.  Although  it  cannot  be  de- 
termined readily  whether  the  strands  moved  synchronous- 
ly or  independently  or  which  one  has  moved  most 
recently,  it  is  clear  that  all  have  been  active  sometime 
during  the  last  165  years.  Because  there  are  no  records  of 
ground  rupture  or  epicenters  of  large  earthquakes  in  the 
area  during  this  period  of  time,  it  is  concluded  that  the 
offsets  are  the  result  of  fault  creep. 
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SHEAR  COUPLE  TECTONICS 

AND  THE  SARGENT-BERROCAL  FAULT  SYSTEM 

IN  NORTHERN  CALIFORNIA 


by 
Edward  A.  Hay1,  William  R.  Cotton1,  and  N.  Timothy  Hall2 


INTRODUCTION 

Beginning  with  the  17th  century  writings  of  Steno,  stu- 
dents of  the  earth  have  sought  to  explain  geologic 
phenomena  in  terms  of  nature's  orderliness.  Because  of 
the  complexity  displayed  by  crustal  rocks,  however,  the 
quest  for  elegant  unifying  laws,  such  as  those  characteriz- 
ing physics,  has  been  largely  unsuccessful.  We  have  re- 
cently achieved,  nevertheless,  an  insight  into  one  of  the 
patterns  nature  might  be  following  to  bring  about  geologic 
change.  This  new  model,  called  "plate  tectonics,"  has 
revolutionized  the  perspectives  from  which  geologists 
initiate  their  inquiries  into  crustal  rocks  and  structures. 
This  unifying  global  concept  attempts  to  explain  major 
geologic  and  seismic  processes  by  suggesting  that  belts  of 
earthquake-producing  faults,  volcanoes,  mountains,  and 
submarine  trenches  mark  the  boundaries  between  a  mod- 
est number  of  rigid  plates  of  the  earth's  lithosphere.  With- 
in California,  the  San  Andreas  fault  system  defines  the 
boundary  and  the  sense  of  relative  movement  between  the 
North  American  plate  and  the  Pacific  plate,  and  is  part  of 
the  world's  most  seismically  active  zone — the  circum-Pa- 
cific  belt.  Geologic  evidence  clearly  shows  that  the  San 
Andreas  fault  system  has  been  a  zone  of  major  deforma- 
tion extending  a  considerable  time  into  the  geologic  past. 
Consequently,  it  seems  likely  that  plate  movement  along 
the  San  Andreas  fault  has  widely  influenced  late  Tertiary 
and  Quaternary  tectonic  elements  of  California.  This  pa- 
per attempts  to  explain  the  influence  of  the  San  Andreas 
fault  system  on  the  style  of  movement  along  other  rup- 
tures within  the  Northern  California  Coast  Ranges,  par- 
ticularly by  the  Sargent-Berrocal  fault  system  on  the  San 
Francisco  Peninsula. 

The  San  Andreas  fault  system  was  an  essential  ingredi- 
ent in  early  attempts  to  discover  tectonic  order  in  Califor- 
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nia's  complexly  deformed  rocks.  Moody  and  Hill  (1956) 
placed  the  San  Andreas  into  a  scheme  of  "Wrench-Fault 
Tectonics"  which  recognized  the  existence  of  a  worldwide 
"regmatic"  shear  pattern  characterized  by  primary  com- 
pressive stress  directions  oriented  approximately  north- 
south.  The  San  Andreas  fault  existed  within  this  universal- 
ly recognized  framework  and  was  seen  as  a  first-order 
wrench  fault  responding  to  this  compressive  stress  (figure 
1).  Other  tectonic  elements  of  California  geology  were 
considered  to  have  been  derived  in  a  genetic  way  from  this 
right-lateral  shear.  The  origin  of  the  regmatic  shear  pat- 
tern was  not  satisfactorily  explained,  nor  was  the  absence 
of  east-west-trending  folds  that  should  have  resulted 
from  such  a  universal  system  of  north-south  compression. 

North-south  crustal  shortening  in  southern  California 
was  recognized  by  Hill  and  Dibblee  (1953)  from  their 
analysis  of  the  pattern  of  faulting  associated  with  the  San 
Andreas  and  other  major  faults,  such  as  the  Garlock-Big 
Pine  fault  within  the  Transverse  Ranges.  Contrary  to 
Moody  and  Hill,  however,  they  rejected  a  mechanism  of 
direct  north-south  compression  by  arguing  that  left-lat- 
eral shearing  should  be  as  prominent  as  right-lateral 
shearing  in  response  to  such  primary  forces,  but  this  was 
not  observed.  Their  conclusion  was  not  shared,  obviously, 
by  Moody  and  Hill  three  years  later.  After  pointing  out 
the  possibilities  of  either  a  northeast-southwest  counter- 
clockwise couple  or  a  northwest-southeast  clockwise  cou- 
ple as  a  stress  pattern  capable  of  producing  north-south 
compression,  Hill  and  Dibblee  favored  the  former.  A 
northeast-southwest  counterclockwise  couple  was  chosen 
because  of  the  northwest-southeast  trend  of  fold  axes  in 
the  California  Coast  Ranges.  It  is  noted  here  that  although 
direct  compression  oriented  northeast-southwest  would 
account  for  this,  a  similar  fold  pattern  would  be  expected 
from  a  northwest-southeast  clockwise  shear  couple,  as  in 
the  wrench  fault  tectonics  model  suggested  by  Moody  and 
Hill  (1956)  (figure  1). 
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Figure  1.      Arrows  show  proposed  directions  of  stress  in  the  Transverse  Ranges:  (a)  counterclockwise  couple  of  Hill  and  Dibblee  (1953) ,  and  (b)  approximate! 
north-south  primary  stress  of  Moody  and  Hill   (1956). 
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In  a  review  of  major  late  Cenozoic  tectonic  elements  in 
he  entire  Coast  Ranges,  Page  (1966)  concluded  that  fold 
atterns  are  the  key  to  late  Cenozoic  tectonism  rather  than 
he  fault  patterns  associated  with  San  Andreas  strike-slip 
lovement.  He  suggested  that  the  direction  of  maximum 
rustal  shortening  was  about  N40E  to  N50E,  which  is  in 
istinct  disharmony  with  the  average  N40W  trend  of  the 
an  Andreas  fault  (figure  2).  Page  suggested  that  San 
indreas  faulting  was  somehow  overprinted  on  the  tecton- 
:  features  resulting  from  a  more  fundamental  compres- 
ive  stress  orientation  of  N40E  to  N50E. 


THE  SHEAR  COUPLE  MODEL 

More  recently  Morgan  (1968),  At  water  (1970),  An- 
lerson  (1971),  Jahns  (1973),  Crowell  (1975),  and  others 


have  called  attention  to  how  the  San  Andreas  fault  fits  into 
the  plate  tectonics  scheme  as  a  transform  fault,  and  why 
the  east-west-striking  "big  bend"  segment  of  the  fault 
occurs  in  the  Transverse  Ranges,  a  unique  region  contain- 
ing several  manifestations  of  north-south  compression. 
Indeed,  a  causal  mechanism  for  the  north-south  compres- 
sion results  from  a  change  in  strike  of  the  San  Andreas 
from  about  N40W  to  N7O-80W  if  we  assume  that:  1) 
N40W  is  normal  for  the  entire  fault  system,  and  2)  stress 
continues  to  be  applied  in  the  "big  bend"  region  at  that 
orientation  even  though  strike  has  changed.  Following  the 
work  of  Morgan  (1968),  we  can  now  regard  the  San 
Andreas  fault  itself  as  manifesting  the  primary  stress 
orientation  arising  directly  from  plate  motion  rather  than 
assuming  it  to  be  the  secondary  effect  of  some  other  stress 
orientation  (Moody  and  Hill,  1956;  Hill  and  Dibblee, 
1953),  or  to  have  no  genetic  relationship  to  the  other 
major  tectonic  elements  in  the  Coast  Ranges  but  being 
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low  angle  Thrusts 


STRIKE  OF  THE  SAN  /ANDREAS 
Fault  -  N  35-45  W 


Direction  of  Maximum 

CRUSTAL  SH0RTENJN6  -  N40'50E 


Jure  2.      Diagrammatic  composite  relationships  in  central  California's  Coast  Ranges  as  discussed  by  Page  (1966) .  The  direction  of  maximum  crustal  shortening 
considered  to  be  approximately  perpendicular  to  fold  axes,  and  therefore  incompatible  with  stresses  responsible  for  the  San  Andreas  fault. 
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overprinted,  as  it  were,  on  an  unrelated  stress  orientation 
that  caused  the  folds  (Page,  1966).  Further,  we  can  see 
the  north-south  compression  in  the  Transverse  Ranges  as 
the  effect  of  N40W-oriented  shear  along  the  San  Andreas 
following  the  opening  of  the  Gulf  of  California  and  the 
development  of  the  "big  bend".  According  to  this  shear 
couple  model  the  entire  western  part  of  the  United  States 
south  of  the  Mendocino  fracture  zone  is  influenced  by  the 
N40W-oriented  shear  of  the  San  Andreas  system  as  it  acts 
as  a  broad  and  diffuse  transform  zone  connecting  the  East 
Pacific  Rise  at  the  opening  of  the  Gulf  of  California  with 
the  Mendocino  fracture  zone-Gorda  rise  region  off  the 
coast  of  northern  California.  Figure  3  shows  the  general 
orientations  of  other  stresses  within  such  a  right-lateral 
shear  system. 

Given  such  a  shear  couple  system  controlled  by  the 
N40W  orientation  of  transform  motion  within  the  San 
Andreas  system,  fold  patterns  of  the  region  discussed  by 
Page  (1966)  become  explicable  in  terms  of  the  tectonics 
of  fault-fold  interactions  presented  by  Moody  and  Hill 
(1956) .  Further,  it  is  possible  to  look  at  other  active  faults 
within  this  transform  system  and  explain  their  style  of 
movement  as  a  function  of  their  direction  of  strike. 
Ground  ruptures  associated  with  historic  earthquakes 
such  as  those  at  Lone  Pine  (1872),  Tehachapi-Arvin 
(1952),  and  San  Fernando  (1971),  displayed  movements 


consistent  with  those  predicted  by  the  shear  couple  mode 
Figure  4  shows  the  relationship  we  anticipate  between  th 
strike  of  a  fault  and  its  predicted  components  of  latere 
and  dip-slip  motion. 

Because  the  strike  of  the  Sierra  Nevada  fault  near  Lon 
Pine  is  approximately  N10W,  we  expect  ruptures  on  thi 
fault  to  manifest  both  normal  slip  and  right-lateral  sir 
motion  in  response  to  N40W  shearing.  Following  the  1 87 
earthquake,  23  feet  of  normal  slip  component  and  16  fee 
of  right-lateral  slip  component  were  reported  (Batemar 
1961).  The  occurrence  of  a  greater  component  of  norma 
slip  than  of  right-lateral  slip  is  consistent  with  a  strike  tha 
is  closer  to  N5E  than  to  N40W  (figure  4) .  The  generalize) 
strike  of  ground  rupturing  along  the  White  Wolf  faul 
associated  with  the  1952  Tehachapi-Arvin  earthquak 
was  N55-60E,  although  individual  scarplets  and  "mol 
tracks"  were  highly  variable  in  strike.  The  shear  coupl 
model  suggests  the  slip  along  the  White  Wolf  fault  shouli 
have  been  predominantly  left-lateral  with  a  minor  compo 
nent  of  reverse  (thrust)  motion.  This  is  basically  consist 
ent  with  detailed  field  observations  made  shortly  after  th 
earthquake  of  1952  (Buwalda  and  St.  Amand,  1955) 
Where  ground  ruptures  were  observed  to  strike  in  a  mor 
east-west  direction  east  of  Arvin,  a  greater  thrust  compo 
nent  of  movement  was  noted  (Cotton  and  others,  1977) 
Rupturing  of  the  earth's  surface  in  Southern  Californi; 


Figure  3.      Major  stress  orientations  within  a  shear  couple  caused  by  primary  N40W  motion.  This  couple  is  superimposed  over 
the  Transverse  Ranges  in  southern  California  to  show  its  correspondence  to  the  tectonic  elements  of  that  region. 
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during  the  1971  San  Fernando  earthquake  was  highly 
variable  in  strike,  but  overall  it  was  essentially  east-west 
(Barrows  and  others,  1973).  Based  on  the  shear  couple 
model,  we  would  expect  very  little  lateral  slip  component 
along  such  thrust-slip  ruptures,  and  that  is  the  observa- 
tion generally  reported.  Where  exceptions  occurred,  such 
as  the  significant  left-lateral  movements  along  the  Santa 
Susana  fault,  strikes  were  oriented  in  a  northeasterly  di- 
rection. 


THE  SARGENT-BERROCAL  SYSTEM 
IN  NORTHERN  CALIFORNIA 

Because  the  shear  couple  model  accurately  "postdat- 
ed" the  sense  of  slip  on  three  historically  active  faults  in 
southern  California,  it  may  also  provide  a  framework  from 
which  to  consider  active  and  potentially  active  faults  in 
northern  California  and  to  predict  their  future  move- 
ments. In  particular,  we  are  interested  in  the  Sargent- 
Berrocal  system  located  along  the  southern  San  Francisco 
Peninsula  and  extending  southeastward  toward  Hollister 
(figure  5).  Field  mapping  (Dibblee,  1966;  McLaughlin, 
1971;  McLaughlin  and  others,  1971;  Sorg  and  McLaugh- 
lin, 1975)  and  subsurface  investigations  (California  De- 
partment of  Water  Resources,  1975;  Cotton  and  others, 
1977)  have  indicated  that  the  Sargent-Berrocal  system 
contains  components  of  both  strike-slip  and  thrust  rup- 
tures, and  is  thus  similar  to  the  White  Wolf  fault. 

Major  rock  units  juxtaposed  by  movements  along  the 
95-km-long  Sargent-Berrocal  system  range  in  age  from 
the  Franciscan  Foramation  (primarily  Mesozoic  age)  to 
Older  Alluvium  (Holocene  age).  All  formations  except 
those  of  Holocene  age  are  considerably  deformed,  espe- 
cially where  they  are  near  rupture  surfaces.  In  the  Santa 
Clara  Formation  (Plio-Pleistocene  age)  for  example,  we 
have  noted  dips  to  change  from  gentle  inclinations  of  20° 
to  30°  to  overturned  within  a  distance  of  50  feet  as  fault 
strands  within  the  Sargent-Berrocal  system  are  ap- 
proached. For  much  of  its  length,  this  system  is  subparal- 
lel  to  the  nearby  active  San  Andreas  fault.  Along  these 
reaches  ruptures  appear  to  be  linear  and  to  dip  at  steep 
angles,  suggesting  large  components  of  right-lateral  slip. 
Where  the  Sargent-Berrocal  fault  zone  changes  to  a  more 
northwesterly  strike  than  the  San  Andreas,  however,  such 
as  in  the  Mount  Madonna  region  (McLaughlin,  1971)  or 
near  Black  Mountain  (Dibblee,  1966),  fault  traces  take  on 
the  appearance  of  reverse  or  thrust  faults  with  observed 
dips  on  rupture  surfaces  generally  between  35°  and  65°  to 
the  southwest  (McLaughlin,  1974;  Cotton  and  others, 
1977).  It  is  likely,  nevertheless,  that  significant  compo- 
nents of  right-lateral  slip  have  also  occurred  along  these 
zones  where  a  reverse  slip  history  is  recognized.  The  shear 
couple  model  (figure  4)  predicts  that  traces  striking  about 
N60-70W  would  manifest  approximately  equal  compo- 
nents of  reverse  slip  and  right-lateral  slip.  The  field  rela- 
tionships recorded  by  McLaughlin  (1971),  and  Sorg  and 
McLaughlin  (1975)  correspond  favorably  with  our  inter- 


pretations of  the  Sargent-Berrocal's  pattern  of  rupturi  ;. 
We  also  note  that  regions  characterized  by  more  ger  y 
dipping  fault  planes  and  reverse  slip  motion  are  also  zo  s 
where  the  width  of  rupturing  is  greater  due  to  imbricati  . 
All  of  these  relationships  are  shown  diagrammatically  i 
a  regional  scale  in  Figure  5. 

Despite  its  apparent  genetic  relationship  to  the  N4(  / 
shear  couple  that  dominates  California's  current  tectoi : 
activity,  the  Sargent-Berrocal  system  has  not  ruptured  1 : 
earth's  surface  within  historic  time,  with  the  possible  » • 
ception  of  some  very  minor  slip  in  1906  at  the  north  we 
ern  end  of  the  system  near  Black  Mountain  (Lawsc, 
1908,  p.  107).  There  are,  however,  several  lines  of  e 
dence  that  indicate  the  Sargent-Berrocal  system  should  i 
considered  active: 


1 )  Physiography  -  Along  many  segments  of  the  fault  syste 
especially  where  dips  of  the  fault  plane  are  steep  and  t 
strike  is  subparallel  to  N40W,  nearly  straight  lineamet 
within  the  range,  drainage  anomalies,  and  triangular  fact 
at  the  front  of  the  range  are  clearly  observed  on  both  aer 
photographs  and  topographic  maps.  We  judge  these  fe 
tures  to  represent  geologically  recent  activity  and  belie 
their  linearity,  as  contrasted  with  the  sinuousity  of  ruptui 
along  other  reaches  of  the  fault  zone,  results  from  a  lar 
component  of  right-lateral  slip  motion,  as  previously  d 
cussed.  Along  those  reaches  characterized  by  a  large  coi 
ponent  of  reverse  slip  and  low  dips,  the  physiograpl 
expression  of  the  Sargent-Berrocal  fault  becomes  obscu 
and  difficult  to  evaluate. 

2)  Stratigraphy  —  There  is  unequivocal  evidence  of  Quaterna 
deformation  and  a  reasonable  basis  for  concluding  that  fai 
movement  has  continued  into  Holocene  time.  The  San 
Clara  Formation  (Plio-Pleistocene  age)  is  severely  d 
formed  and  truncated  within  the  fault  zone  near  Black  Mou 
tain,  thus  establishing  a  Quaternary  age  for  faulting.  Alluvi 
fan  surfaces  in  the  Cupertino  region  considered  to  be  i 
older  than  30,000  years  (Helley,  personal  communicatio 
1977)  have  been  recognized  at  the  base  of  80-to  160-fee 
high  triangular  facets  whose  origin  is  attributed  to  faultin 
If  this  is  so,  it  seems  very  likely  that  tectonism  was  active 
late  Pleistocene  time  and  has  continued  into  the  Holocene 
account  for  this  much  uplift.  Similar  relationships  can  t 
observed  along  the  southern  continuation  of  the  Monta  Vis' 
fault  as  it  leaves  the  mountain  front  and  strikes  across  tl 
alluvial  surface  north  of  Saratoga  and  Los  Gatos.  At  tfi 
location  the  valley  floor  is  marked  by  a  northeast-facir 
linear  bluff  which  we  believe  resulted  from  repeated  di 
placements  along  the  southeastern  trace  of  the  Monta  Visi 
fault.  Subsurface  data  in  this  bluff  region  compiled  by  tf 
California  Department  of  Water  Resources  strongly  sugge 
that  faulting  has  also  disrupted  buried  aquifers  (Californi 
Department  of  Water  Resources,  1975).  Further  southed 
the  fault  enters  the  low  foothills  of  Los  Gatos  where  it  ht 
been  mapped  in  the  bedrock  as  the  Berrocal  fault. 

3)  Seismicity-  As  mentioned  previously,  the  Sargent-Berroci 
system  resides  within  the  same  regional  setting  of  tectoni 
stress  as  the  nearby  San  Andreas  fault  and  its  associate 
splays,  of  which  the  Hayward  fault  and  the  Calaveras  fau 
are  the  two  most  prominent   (figure  5) .  The  San  Andrec 
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jure  5.  Diagrammatic  sketch  map  of  the  Sargent-Berrocal  fault  zone.  Regions  where  the  fault  zone  strikes  in  a  more  northwesterly  direction  than  the  San 
idreas  are  where  reverse  slips,  shallower  dips  on  faults,  and  imbrication  zones  occur.  This  is  diogrammatically  shown  in  cross-sections  X-X'  and  Y-Y'  in  the 
'.  Madonna  region.  These  cross-sections  and  the  Sargent-Berrocal  fault  zone  are  modified  from  McLaughlin  (1971,  1974).  C  =  Cupertino,  S  =  Saratoga, 
d  LG  =  Los  Gatos. 
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trace  has  been  locked  for  more  than  70  years  in  the  region 
from  Hollister  northwestward.  Most  of  the  current  strain  re- 
lease along  this  section  of  the  overall  system  consists  of 
either  creep  on  the  Calaveras  or  Hayward  faults  or  microseis- 
micity  on  the  southern  section  of  the  Sargent-Berrocal  zone 
(Brown  and  Lee,  1971).  Locking  of  the  San  Andreas  and 
tectonic  creep  on  the  Calaveras  in  the  region  north  of  their 
juncture  might  well  be  explained  by  departures  from  an 
approximate  N40W  strike  by  each  trace  at  that  point  (Far- 
rington  &  Meyers,  1973).  The  San  Andreas  becomes  more 
westerly,  changing  strike  to  N48W,  and  the  Calaveras 
changes  to  N20W.  The  shear  couple  model  predicts  that 
these  strike  changes  cause  greater  compression,  hence  lock- 
ing, on  the  former,  and  tension,  thus  creeping,  on  the  latter. 

In  addition  to  the  high  microseismicity  found  along  the 
southern  end  of  the  Sargent-Berrocal  system,  a  magnitude 
5.0  earthquake  on  the  Sargent  fault  in  1964  was  reported 
by  McEvilly  (1966)  and  "probable"  and  "possible"  earth- 
quakes in  the  magnitude  3.6  to  4.5?  range  have  been  cited 
farther  north  along  the  Sargent-Berrocal  zone  (Lee  and 
others,  1972;  Wesson  and  others,  1975).  McLaughlin 
(1974)  recognized  that  earthquakes  along  the  Sargent- 
Berrocal  fault  zone  occur  in  response  to  the  present  San 
Andreas  stress  system  and  assumed  that  maximum  principal 
stresses  for  the  Sargent-Berrocal  were  probably  perpendicu- 
lar to  the  general  strike  of  the  fault  zone.  Since  this  orienta- 
tion is  incompatible  with  Mohr's  principles  of  brittle  failure 
for  the  San  Andreas,  he  concluded  that  the  orientation  of  the 
Sargent-Berrocal  zone  must  be  unrelated  to  present  stresses, 
and  is  probably  a  relict  of  older  zones  of  weakness.  We 
believe  that  the  shear  couple  model  obviates  this  problem 
and  that  the  entire  system  is  responding  in  a  predictable 
fashion  to  plate  motion. 


CONCLUSION 

The  Sargent-Berrocal  system  should  be  viewed  as  ac- 
tive. Along  its  traces  strike-slip,  reverse-slip  (thrust) ,  and 
oblique-slip  ruptures  can  occur.  When  considered  within 
the  framework  of  the  shear  couple  model,  strikes  of 
mapped  traces  of  faults  serve  to  predict  the  style  of  future 
displacements.  Trends  subparallel  to  the  San  Andreas  will 


experience  predominantly  right-lateral  slip  along  relati  • 
ly  narrow  zones  (600  feet  indicated  from  data  by  Bonil , 
1970),  while  the  more  northwesterly-striking  reaches  f 
the  fault  zone  will  display  shallower  dips,  imbricati  i 
across  wider  zones,  and  increasing  components  of  revei 
slip.  Ruptures  striking  in  an  approximate  east-west  din 
tion  should  be  essentially  pure  thrust  faults.  An  estirm 
of  the  maximum  magnitude  earthquake  for  the  Sargeri 
Berrocal  system  made  by  Wesson  and  others  (1975)  | 
magnitude  7.4.  Considering  the  similarity  between  tl 
system  and  the  White  Wolf,  along  which  a  magnitude  " 
earthquake   occurred   in    1952,   the   general  agreeme: 
between  the  historic  magnitude  value  on  the  White  W< 
and  the  predicted  maximum  value  on  the  Sargent-Berr 
cal  is  not  surprising. 

We  view  the  Sargent-Berrocal  system  as  a  major  el 
ment  within  the  overall  tectonic  pattern  of  northern  Ca 
fornia.  Together  with  the  other  active  faults  in  this  regio 
it  is  a  rupture  zone  that  developed  in  response  to  tl 
motion  between  the  North  American  and  Pacific  plate 
The  locus  of  this  plate  interaction  is  along  the  San  Ai 
dreas  fault,  whose  predominant  strike  of  N40W  indicati 
the  direction  of  shear  stress  operative  over  a  broad  are 
Recognition  of  this  stress  led  to  the  formulation  of  tr 
shear  couple  model  as  a  tool  for  predicting  styles  of  faul 
ing  within  the  broad  tectonic  zone  affected  by  San  Ar 
dreas  movement.  The  Sargent-Berrocal  system  of  bot 
dip-slip  and  strike-slip  faulting  seems  to  be  a  good  exarr 
pie  of  an  active  fault  zone  wherein  the  shear  couple  mock 
applies. 
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GEOLOGIC  AND  ENVIRONMENTAL  IMPLICATIONS 

OF  THE  MONTE  BELLO  RIDGE  LANDSLIDE 

COMPLEX  NEAR  STEVENS  CREEK  RESERVOIR, 

SANTA  CLARA  COUNTY,  CALIFORNIA 

by 
D.H.  Sorg1  and  R.J.  McLaughlin1 


INTRODUCTION 

Recent  geologic  mapping  of  the  Sargent-Berrocal  fault 
zone  in  southwestern  Santa  Clara  County  revealed  a  large 
landslide  complex  in  an  as  yet  undeveloped  area  southwest 
of  Cupertino,  California,  on  the  northeast  slope  of  Monte 
Bello  Ridge,  just  west  of  Stevens  Creek  Reservoir  (figure 
1).  The  landslide  complex  is  of  particular  geologic  and 


environmental  interest  because  it  has  overridden  the  Ber- 
rocal  fault.  The  Berrocal  fault  is  part  of  the  more  extensive 
Sargent-Berrocal  fault  system  (figure  2)  which  exhibits 
evidence  of  early  Pleistocene  or  younger  movement 
(McLaughlin,  1974).  Between  Los  Gatos  and  Los  Altos 
Hills  the  Sargent-Berrocal  fault  zone  consists  of  two  sub- 
sidiary fault  zones.  The  southwestern  zone  is  the  Berrocal 
fault  zone,  and  the  northeastern  zone  is  the  Monte  Vista 
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AREA  OF  FIGURE  I 


igure  2.      Map   of   the   Sargent-Berrocal   and   San   Andreas   fault   zones 
.erween  San  Juan  Bautista  and  Los  Altos  Hills,  California. 


54 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  1 


fault  zone  (figure  3).  Although  no  conclusive  field  evi- 
dence has  been  found  to  indicate  that  strata  younger  than 
Pleistocene  are  offset  by  the  Berrocal  or  Monte  Vista 
faults,  numerous  recent  earthquake  epicenters  are  as- 
sociated with  both  strands  in  the  Stevens  Creek  area.  The 
hypocenters  of  these  earthquakes  indicate  seismic  activity 
at  depths  of  6  to  12  km  (R.L.  Wesson,  oral  communica- 
tion, 1973). 


DESCRIPTION  OF  THE  MONTE  BELLO  RIDGE 
LANDSLIDE  COMPLEX 

The  Monte  Bello  Ridge  landslide  complex  consists  of 
several  large  coherent  bedrock  masses,  with  an  area  of 
more  than  1.5  km2,  which  have  moved  down  the  northeast 
slope  of  Monte  Bello  Ridge  (figure  1 ) .  Detailed  mapping 
of  the  lower  half  of  the  landslide  complex  has  revealed  that 
a  large,  coherent  block  of  Franciscan  melange,  composed 
of  graywacke,  shale,  limestone,  and  chert,  has  moved 
nearly  570  meters  over  coarse  gravel,  sandstone,  and  silt- 
stone  of  the  Pliocene  and  Pleistocene  Santa  Clara  Forma- 
tion. This  block  may  be  as  thick  as  100  meters  if  the  slip 
plane  of  the  landslide  is  assumed  to  be  concave  (figures  5 
and  6). 

The  upper  boundary  of  the  lower  landslide  block  forms 
a  conspicuous  west-facing  scarp.  Along  the  base  of  this 
scarp  is  a  conspicuous  linear  depression  containing  a 
pond.  Another  pond  in  this  depression  was  drained  by 
early  settlers,  but  its  limits  are  indicated  by  peat,  lacus- 
trine mollusks,  and  calcareous  mudstone  in  the  surficial 
deposits.  The  scarp,  the  linear  depression,  and  the  ponds 
are  aligned  with  the  projected  trace  of  the  Berrocal  fault 
beneath  the  Monte  Bello  Ridge  landslide  complex. 

The  lower  margin  of  the  Monte  Bello  Ridge  landslide 
complex  is  underlain  by  a  conspicuous  gouge  zone  of  per- 
vasively sheared  Franciscan  rock  20  to  22  meters  thick 
that  is  well  exposed  along  Monte  Bello  Road  and  along  the 
road  following  the  west  edge  of  Stevens  Creek  Reservoir 
(figure  6).  The  gouge  zone  consists  of  a  laminated,  light- 
gray  to  dark-maroon  matrix  of  completely  sheared,  clay- 
rich  rock  enveloping  shattered,  relatively  unsheared,  len- 
ticular masses  of  red  chert,  light-gray  limestone,  gray- 
wacke, greenstone,  and  very  minor  serpentinite.  No  source 
of  serpentinite  is  exposed  within  or  directly  adjacent  to  the 
landslide  complex.  The  Berrocal  fault  zone,  however,  is 
marked  along  its  length  by  small  discontinuous  bodies  of 
serpentinite.  The  presence  of  this  prominent  gouge  zone 
along  the  lower  margin  of  the  landslide  complex  suggests 
that  it  was  produced  partly  by  shearing  along  the  slip 
plane  beneath  the  landslide  block.  The  shear  fabric  of  the 
gouge,  where  exposed,  consistently  dips  uphill  beneath  the 
landslide,  and  the  gouge  zone  cannot  be  traced  laterally 
beyond  the  limits  of  the  landslide  complex.  At  least  some 
of  this  gouge,  however,  could  have  been  derived  from  the 
Berrocal  fault  zone. 


AGE  OF  THE  MONTE  BELLO  RIDGE  LAND- 
SLIDE COMPLEX 

The  pond  occupying  the  linear  depression  behind  t 
lower  block  of  the  landslide  complex  presumably  form 
sometime  after  the  Franciscan  rocks  overrode  the  Sar 
Clara  Formation.  The  Santa  Clara  Formation  was  dep^. 
ited  between  the  latest  Pliocene  (3-4.5  m.y.)  and  eai 
Pleistocene  (1  m.y.)  (Cummings,  1968;  Sorg  ai 
McLaughlin,  1975).  Therefore,  the  pond  in  the  line 
depression  behind  the  lower  landslide  block  must  ha 
formed  after  early  Pleistocene  time. 

The  pond  was  cored  when  dry  during  September  19' 
using  a  motor-driven  piston-coring  device.  Since  sec 
ments  were  saturated  below  the  water  table,  core  sampl 
from  the  basal  sediments  could  not  be  recovered,  but  pla 
and  shell  material  separated  from  the  lower  0.45-meters 
the  4.5  meter  long  core  yielded  a  radiocarbon  age  of  94t 
±  155  y.b.p.  This  age  indicates  that  the  landslide  complt 
has  been  in  existence  throughout  most  of  the  Holocei 
and  that  it  probably  originated  sometime  in  the  late  Plei 
tocene.  The  age  of  the  pond  is  a  minimum  for  the  low 
landslide  block  but  does  not  necessarily  date  the  small 
landslide  blocks  upslope  because  they  formed  after  tl 
lower  landslide  block  overrode  the  Santa  Clara  Form 
tion.  The  radiocarbon  age  is  consistent  with  the  geoloj 
of  the  landslide  and  is  further  supported  by  the  matu 
surface  morphology  of  the  landslide  complex.  The  low 
landslide  block  has  been  deeply  dissected  by  Swiss  Cret 
and  the  entire  landslide  complex  has  been  moderate 
dissected  by  several  smaller  spring-fed  drainages  th 
originate  in  the  middle  and  upper  parts  of  the  landslu 
complex. 

ENVIRONMENTAL  IMPLICATIONS 

In  spite  of  the  apparent  maturity  of  the  Monte  Bell 
Ridge  landslide  complex,  much  of  it  is  presently  undergc 
ing  slope  failure,  as  exemplified  by  numerous  localize 
areas  of  active  shallow  landsliding  (figure  1 ) .  These  mot 
em  landslides  show  that  surficial  materials  and  rod 
weakened  by  previous  slope  failure  have  a  considerabl 
increased  potential  for  future  slope  failures.  The  coinc 
dence  of  the  linear  depression  behind  the  lower  landslid 
block  with  the  projected  trace  of  the  Berrocal  fau 
beneath  the  landslide  suggests  that  the  Berrocal  fault  acti 
ally  cuts  the  landslide  complex,  but  further  geophysical  c 
trenching  investigations  are  needed  to  confirm  this  appai 
ent  relation.  If  the  ponds  are  fault  related,  then  the  radic 
carbon  age  suggests  that  the  Berrocal  fault  has  been  activ 
since  the  late  Pleistocene.  The  close  coincidence  of  th 
Berrocal  fault  zone  and  the  landslide  complex  also  su£ 
gests  that  initial  landsliding  could  have  been  caused  b 
fault  movement  during  the  late  Pleistocene  or  earlier 
Holocene  (figures  4,  5  and  6). 

Earthquake-induced  landsliding  is  common  (Mortor 
1971)  and,  in  fact,  two  such  landslides  are  known  to  hav 
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occurred  during  the  1906  earthquake  within  a  few  kilome- 
ters of  the  Monte  Bello  Ridge  landslide  complex.  One 
landslide  is  about  2  km  west  of  the  Monte  Bello  Ridge 
landslide  complex  along  Stevens  Creek  and  within  the  San 
Andreas  fault  zone.  This  350-meter-long  landslide,  which 
is  in  Franciscan  rocks,  moved  down  the  southwestern 
slope  of  Monte  Bello  Ridge  into  Stevens  Creek,  partially 
damming  the  creek  (Lane,  1908).  The  other  landslide,  in 
sandstone,  siltstone,  and  clayey  mudstone  of  the  Santa 
Clara  Formation,  is  on  Mount  Eden  Road  about  3.5  km 
southeast  of  the  Monte  Bello  Ridge  landslide  complex. 
Landsliding  at  this  site  dropped  a  large  section  of  the 
roadbed  about  2  meters  (Lane,  1908).  Field  evidence  sug- 
gests that  this  landslide  may  be  an  older  one  that  was 
re-activated  by  the  1906  earthquake. 

The  location  of  the  Monte  Bello  Ridge  landslide  com- 
plex near  Stevens  Creek  Reservoir,  an  earth-fill  dam,  is  a 
potential  hazard  to  the  reservoir,  should  the  landslide 
complex  ever  be  re-activated  by  a  major  earthquake.  Such 
an  event  could  cause  catastrophic  movement  of  the  lower 
landslide  block  into  the  reservoir  which,  if  full  (3600  acre- 
feet)  ,  could  displace  enough  water  to  overtop  and  possibly 
breach  the  earth-filled  dam,  causing  catastrophic  flooding 
of  the  heavily  populated  Stevens  Creek  flood  plain  below. 


CONCLUSION 
The  Monte  Bello  Ridge  landslide  complex  is  a  large  and 


unusually  well-preserved  landslide  of  late  Pleistocene  i 
earliest  Holocene  age.  Available  evidence  suggests  that  tl 
lower  part  of  the  landslide  complex  is  cut  by  the  Berroc 
fault  and  that  the  fault  was  active  in  late  Pleistocene  ai 
perhaps  early  Holocene  time.  This  conclusion,  howeve 
needs  further  confirmation  through  geophysical  or  trenc 
ing  investigations  across  the  suspected  trace  of  the  Berr 
cal  fault. 


The  location  of  the  Monte  Bello  Ridge  landslide  con 
plex  upon  a  steep,  northeastward-facing  fault  escarpmei 
within  the  Berrocal  fault  zone  suggests  that  landslidir 
may  have  been  earthquake  induced. 

The  Monte  Bello  Ridge  landslide  complex  is  easi 
recognized  as  a  block  landslide  by  its  topographic  exprt 
sion  and  by  distinct  differences  in  the  age  and  lithology 
the  bedrock  units  involved,  so  the  limits  of  the  landslii 
mass  are  easily  mapped.  However,  elsewhere  within  Fra 
ciscan  terrane,  large  block  landslides  of  comparable  a, 
may  be  difficult  or  impossible  to  delineate  because  of  the 
large  size,  dissected  character,  limited  exposures,  hea< 
vegetative  cover,  and  indistinctive  lithologies.  We  suspe 
that  some  large  block  landslide  complexes  similar  to  tl 
Monte  Bello  Ridge  landslide  complex  have  been  ove 
looked  or  possibly  mistaken  for  in  situ  rocks.  In  additio 
landslide-produced  gouges  similar  to  the  one  described 
the  toe  of  the  Monte  Bello  Ridge  landslide  might  be  easi 
mistaken  for  a  fault-related  gouge. 
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DISCONTINUOUS  EN  ECHELON  FAULTING  AND  GROUND  WARPING 

PORTOLA  VALLEY,  CALIFORNIA 
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ABSTRACT 


Maps  showing  traces  of  relatively  recent  surface  fault- 
rig  along  the  San  Andreas  fault  zone  are  commonly  based 
»n  interpretation  of  topographic  and  photographic  linea- 
nents  believed  to  have  been  produced  by  relatively  recent 
aulting.  The  maps  do  not  necessarily  distinguish  between 
races  of  historic,  or  most  recent,  faulting  and  traces  of 
omewhat  earlier  faulting  events.  Detailed  investigation 
>y  trenching  and  analysis  of  historical  records  has  allowed 
is  to  describe  a  pattern  of  en  echelon  faulting  and  ground 
varping  that  occurred  in  the  Portola  Valley  area  in  1906, 
ind  to  infer  the  repetition  of  a  similar  pattern  over  a 
oeriod  of  at  least  2500  years.  The  study  shows  that  surface 
upturing  in  1906  extended  southeast  into  Portola  Valley 
ilong  the  Woodside  trace  and  was  transferred  in  a  left— 
stepping  en  echelon  mode  to  the  Trancos  trace,  along 
which  rupturing  continued  southeastward.  Although  oc- 
:urring  along  traces  of  relatively  recent  faulting,  the  sur- 
face faulting  in  1906  occurred  only  along  segments  of  the 
:opographically  evident  traces.  In  general,  the  most  recent 
faulting  coincides  with  those  segments  of  the  fault  traces 
with  the  strongest  geomorphic  and  topographic  expres- 
sion. 


INTRODUCTION 

Traditionally  the  traces  of  faults  or  fault  zones  such  as 
the  San  Andreas  have  been  portrayed  on  geologic  maps  as 
continuous  lines  expressing  the  geologist's  interpretation 
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that  the  faults  are  through-going  planes  of  crustal  discon- 
tinuity, at  least  at  depth.  On  the  other  hand,  observations 
of  historic  fault  displacements,  particularly  along  strike- 
slip  faults,  have  shown  that  the  pattern  of  surface  faulting 
commonly  consists  of  a  series  of  discontinuous,  en  echelon 
breaks  (Clark,  1972;  Lawson  and  others,  1908;  Tchalenko 
and  Ambraseys,  1970;  Wallace,  1973).  Only  recently  have 
attempts  been  made  to  map  accurately,  at  quadrangle 
scales,  the  discontinuous  nature  of  relatively  recent  sur- 
face faulting  along  active  fault  zones  (e.g.  Brown  and 
Wolfe,  1972;  Sarna-Wojcicki  and  others,  1975).  One  of 
the  implications  of  such  mapping  is  the  identification  of 
the  most  probable  location  of  future  surface  faulting  with- 
in active  fault  zones,  for  historic  surface  breaks  commonly 
follow  mappable  features  that  record  traces  of  earlier  fault 
movements  (Clark,  1972;  Lawson  and  others,  1908;  Tcha- 
lenko and  Berberian,  1975).  In  a  few  instances,  larger 
scale  maps  of  recent  fault  traces  have  been  made  for  pur- 
poses of  land-use  planning  in  suburban  communities 
(Dickinson,  1970).  Maps  such  as  these  have  been  pre- 
pared by  interpretation  of  aerial  photographs  and  ground 
reconnaissance.  Aligned  linear  photographic  and  geo- 
morphic elements  within  the  fault  zone  in  Portola  Valley 
are  recognized  as  lineaments  which,  in  turn,  are  regarded 
as  evidence  of  relatively  recent  surface  faulting  and  are 
mapped  for  land-use  planning  purposes  as  traces  of  recent 
faulting  (Dickinson,  1970).  However,  fault  traces  so 
drawn,  do  not  necessarily  differentiate  between  historic  or 
most  recent  surface  faulting  and  somewhat  earlier  breaks. 
Recently,  detailed  investigations  within  the  San  Andreas 
fault  zone  in  Portola  Valley  have  allowed  such  a  differen- 
tiation to  be  made  and  suggest  repetitious  surface  breaks 
along  pre-existing,  en  echelon  fractures  that  constitute 
only  a  portion  of  the  previously  mapped,  relatively  recent 
fault  traces. 
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THE  SAN  ANDREAS  FAULT  ZONE 
IN  PORTOLA  VALLEY 


Portola  Valley  lies  along  the  San  Andreas  fault  zone  in 
the  southern  San  Francisco  Peninsula  (figure  1)  where 
Dickinson  (1970)  recognized  two  relatively  prominent, 
subparallel  lineaments  which  coincided  in  several  loca- 
tions with  surface  faulting  known  to  have  occurred  in 
1906  (Lawson  and  others,  1908).  Dickinson  referred  to 
the  westernmost  of  the  lineaments  as  the  Woodside  fault 
trace  and  to  the  easternmost  lineament  as  the  Trancos 
fault  trace  (figure  1).  Within  the  Portola  Valley  area  (fig- 
ure 2),  the  Woodside  trace  has  prominent,  or  strong,  geo- 
morphic  and  photographic  expression  in  the  northern 
portion,  rather  weak  to  subdued  expression  in  the  central 
portion,  and  prominent  expression  further  south.  The 
Trancos  trace,  on  the  other  hand,  has  prominent  expres- 
sion at  the  northern  end,  subdued  and  weak  expression  in 
the  central  portion,  and  prominent  expression  to  the 
south. 


Historical  Faulting 

Surface  faulting  associated  with  the  1906  earthquake 
passed  through  Portola  Valley  and  was  described  by  Law- 
son  and  others  (1908,  p.  106-7)  as  follows: 

"The  main  fault  fracture  passes  thru  the  Portola  Valley  and 
crosses  the  public  road  in  front  of  a  small  1 -story  house  southeast 
of  the  village  store.  Where  the  fault  crosses  the  road,  the  fences 
on  both  sides  were  torn  in  two,  and  in  the  prune  orchard  south 
of  the  road  the  rows  of  trees  were  displaced  in  some  instances 
about  2  feet.  The  cracks  in  the  road  were  about  6  inches  wide, 
approximately  parallel,  and  running  nearly  north-south,  while 
the  direction  of  the  fault  line  itself  was  about  northwest-south- 
east. 

Following  southward  along  the  Alpine  road,  the  next  evidence  of 
disturbance  by  the  earthquake  was  where  the  main  fault-trace 
crosses  the  road  0.75  mile  south  of  where  the  Portola  Road  forks. 
Here  the  road  was  so  badly  broken  and  cracked  that  it  was  not 
possible  to  ride  or  drive  across  the  fracture  until  the  place  was 
repaired.  (Plate  63 A.)  The  fracture  followed  along  the  south  side 
of  the  road  for  a  distance  of  300  feet,  tearing  up  the  bank  with 
cracks,  some  of  which  were  a  foot  or  more  across.  Where  the 
road  bends  toward  the  south,  the  fracture  crost  to  the  north  side 
of  the  road,  making  cavities  several  feet  deep.  These  cracks 
continued  toward  the  northwest  thru  the  underbrush,  pulling 
apart  a  barbed  wire  fence  and  leaving  many  well-marked  fur- 
rows thru  the  adjoining  fields.  About  30  feet  north  of  the  road, 
a  white  oak,  somewhat  weakened  by  decay  and  fire,  was  jerked 
off  by  the  violence  of  the  shock.  To  the  southeast  the  fault-line 
is  traceable  by  a  well-marked  furrow  thrown  up  in  the  fields. 
Where  the  fracture  crosses  the  Alpine  road,  there  appears  to 
have  been  an  uplift  of  about  2  feet  on  the  northeast  side  of  the 
fault.  This  appearance  may  be  due  to  the  settling  of  a  part  of 
the  ridge  of  incoherent  materials  to  the  south,  or  it  may  be  due 
to  the  lateral  thrust  along  a  sloping  surface." 


Neither  the  above  descriptions  nor  the  generali2 
maps  accompanying  the  Report  of  the  State  Earthqua  I 
Commission  (Lawson  and  others,  1908)  defined  the  p  | 
tern  of  surface  faulting  in  Portola  Valley.  However, 
careful  study  of  the  descriptions  and  of  photographs  tak 
shortly  after  the  earthquake  (figures  3,  4,  5),  indica 
that  the  faulting  which  is  reported  as  passing  in  front 
the  small  house  (figures  2,  5),  across  Portola  Road,  a 
into  a  prune  orchard  (figure  4) ,  occurred  along  the  Woe 
side  trace.  On  the  other  hand,  faulting  which  crossed  / 
pine  Road  (figure  3) 3  and  extended  for  some  distance  bo 
to  the  north  and  to  the  south  clearly  occurred  along  t 
Trancos  fault  trace.  There  is  no  recorded  evidence  th 
faulting  took  place  along  the  Woodside  trace  as  far  sou 
as  its  intersection  with  Alpine  Road  or  as  far  north  aloi 
the  Trancos  trace  as  its  intersection  with  Portola  Ro; 
(figure  1). 


Thus,  photographic  and  geomorphic  lineaments  stron 
ly  support  the  existence  of  two  subparallel  and  broad 
overlapping  traces  of  relatively  recent  faulting  within  tl 
San  Andreas  fault  zone  through  Portola  Valley  (Dickii 
son,  1970).  On  the  other  hand,  analysis  of  descriptioi 
and  photographs  of  faulting  that  occurred  in  this  area  i 
1906  suggests  that  the  surface  faulting  extended  southeas 
ward  into  Portola  Valley  along  the  Woodside  trace  at  lea: 
to  Portola  Road  and  was  transferred  somewhere  within 
1-  to  2-km  reach  of  the  fault  zone  in  a  left-stepping,  e 
echelon  mode  to  the  Trancos  trace,  along  which  rupturin 
continued  southeastward  to  Alpine  Road  and  beyond  (fij 
ures  1,  2).  In  order  to  determine  more  accurately  th 
nature,  location,  and  extent  of  most  recent  permaner 
ground  deformation,  including  that  of  1906,  in  this  poi 
tion  of  the  fault  zone,  six  exploratory  trenches  were  ex 
cavated  across  and  between  the  mapped  fault  traces  a 
shown  in  Figure  2. 


DESCRIPTION  OF  THE  TRENCHES 

The  six  trenches  (A,  B,  C,  D,  E,  F)  plotted  on  Figur 
2  were  excavated  by  a  tractor-mounted  backhoe  to  depth 
between  8  and  10  feet,  shored,  and  their  walls  cleaned  an< 
inspected  by  geologists  experienced  in  fault  investigations 
The  observations  of  the  geologists  were  recorded  oi 
trench  logs  prepared  at  a  scale  of  1"  =  2'.  Each  of  thest 
trenches  is  described  below  and  portions  of  the  logs  o 
trenches  A,  B,  E,  and  F  are  presented  in  Figures  6  and  7 
The  area  investigated  by  trenching  lies  within  the  floor  oi 
Portola  Valley  drained  by  Sausal  Creek  (figure  2)  and  is 
underlain  by  layers  of  gravel,  sand,  silt,  clay,  and  organic 
material,  and  are  interpreted  as  floodplain  deposits  and 
associated  paleosols. 


'This  photograph  as  originally  reproduced  as  Plate  63A  in  Lawson  and  others  (1908)  wa.1 
reversed  It  is  shown  in  Figure  3  in  its  correct  position  The  photographs  on  Figures  3, 4 
and  5  are  from  the  Stanford  University  Archives.  J  C.  Branner  Collection,  Courtesy  of  tht 
U.  S.  Geological  Survey. 
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Figure  1.      Index  mop  and  mapped  fault  traces  in  the  Portola  Valley  area  with  reported  locations  of  surface  faulting  in  1906.  After  Dickenson, 
W.R.,  1971. 
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Figure  2.     Location  of  fault  traces  and  exploratory  trenches  in  the  Portola  Valley  study  area. 
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Figure  6.     Log  of  a  portion  of  test  trench  a  and  b  in  the  vicinity  of  the  Woodside  fault  trace  as  shown  on  Figure  2. 
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Figure  7.     Log  of  a  portion  of  trench  e  and  f  in  the  vicinity  of  the  Troncos  fault  trace  as  shown  on  Figure  2. 
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Trench  A 

Trench  A  (figure  2)  was  excavated  approximately  12 
meters  south  of  Portola  Road  across  the  segment  of  the 
Woodside  trace  which  is  reported  to  have  broken  next  to 
the  wooden  house  and  across  Portola  Road  in  1906.  Three 
types  of  faults  were  visible  within  this  trench  (figure  6). 

1.  The  most  obvious  was  the  "primary"  fault  plane,  marked 
with  horizontal  slickensides,  which  had  a  strike  N20E  and 
a  dip  of  85  degrees  to  the  west.  This  plane  extended  from 
the  bottom  of  the  trench  upward  to  within  30  cm  of  the 
surface,  where  it  was  overlain  by  a  layer  of  black,  silty 
clay  (most  likely  fill) .  The  upper  portion  of  this  fault  was 
marked  by  a  wedge  shaped  mass  of  black  organic  soil. 
The  wedge  was  approximately  15  cm  wide  at  the  top 
where  it  merged  with  the  overlying  black,  silty  clay  and 
tapered  downward  for  approximately  50  cm  to  a  thin 
band  defining  the  fault  plane.  It  is  inferred  that  the 
wedge  of  organic  soil  represents  the  filling  with  topsoil  of 
an  open  fissure  formed  in  1906.  The  primary  fault  plane 
also  appeared  to  form  a  groundwater  barrier,  since  the 
trench  to  the  west  of  the  fault  was  dry  to  its  full  depth, 
but  a  copious  flow  of  water  was  encountered  to  the  east 
of  the  primary  fault  plane. 

2.  To  the  east  of  the  "primary"  fault  plane  were  alternating, 
almost  horizontal  layers  of  sandy  and  silty  clay.  Project- 
ing through,  but  not  visibly  offsetting,  these  layers  verti- 
cally were  four  fault  planes  with  horizontal  slickensides 
which  reached  to  within  one  meter  of  the  surface. 

3.  West  of  the  "primary"  fault  plane  was  a  brown  to  tan 
silty  clay  with  an  intercalated  layer  of  organic  silty  clay. 
The  organic  silty  clay  layer  appeared  to  be  warped  over 
a  distance  of  4  to  5  meters  from  the  "primary"  fault 
plane.  Also,  four  other  fault  planes  were  found  within  this 
distance.  The  most  prominent  of  these  had  a  strike  rang- 
ing from  N20E  to  N35E  and  consisted  of  a  zone  approxi- 
mately 30  cm  wide  that  appeared  to  offset  the  organic 
silty  clay  layer. 

The  organic  silty  clay  between  this  fault  plane  and  the 
"primary"  fault  plane  was  tilted.  The  other  three  planes 
to  the  west  did  not  appear  to  be  major  features,  but  one 
of  them  offset  the  organic  silty  clay  layer.  Beyond  the 
portion  of  Trench  A  shown  in  Figure  2  there  was  no 
evidence  of  other  fault  planes  or  deformation  of  the  ex- 
posed soil  horizons. 

A  significant  observation  is  that  the  fault  planes  ob- 
served in  Trench  A  are  en  echelon  to  the  strike  of  the 
Woodside  fault  trace  (northwest-southeast)  and  match 
the  location  and  orientation  of  the  ground  cracks  de- 
scribed as  crossing  Portola  Road  in  1906  (Lawson  and 
others,  1908).  (See  figure  4.) 


Trench  B 

Trench  B  (figure  2)  was  located  south  of  Trench  A  and 
across  the  projected  lineament  of  the  Woodside  trace 


where  its  surface  expression  is  weak  or  nonexistent.  I  • 
amination  of  Trench  B  (figure  6)  did  not  reveal  any  cl< : 
evidence  of  faulting  projecting  to  the  surface.  The  oi  < 
suggestion  of  a  fault  in  Trench  B  was  that  the  tren'i 
bottom  east  of  station  24  was  wet,  while  it  was  dry  to  1: 
west.  This  same  relationship  was  found  in  Trench  A  ; 
sociated  with  the  "primary"  fault  plane  and  could  sugg< 
that  a  fault  exists  beneath  Trench  B  and  acts  as  a  ban- 
to  groundwater  moving  from  east  to  west.  On  the  off 
hand,   the  trench  did  suggest  evidence  of  permane 
ground  deformation  in  the  form  of  warping  of  the  layer 
floodplain  deposits.  Perhaps  significantly,  the  lower  layt 
are  warped  or  inclined  more  than  those  above. 

Trenches  C,  D,  and  E 

Trenches  C,  D,  and  E  (figure  2)  are  described  togeth 
because  they  form  an  overlapping  series  crossing  the  line 
ments  of  both  the  Woodside  and  Trancos  fault  traces  I 
mapped  by  Dickinson  (1970),  and  spanning  the  10( 
meter-wide  belt  of  ground  between  the  two  traces.  The 
trenches  exposed  a  well-stratified  sequence  of  grav< 
sand,  silt,  and  clay  intercalated  with  several  organic  sil 
clay  layers  locally  rich  in  carbonaceous  plant  debris  whic 
are  interpreted  as  floodplain  deposits  with  associated  o 
ganic  rich  soil  horizons.  No  clear-cut  evidence  of  faultir 
could  be  found  in  Trenches  C  or  D,  but  in  the  eastern  eri 
of  Trench  E  (figure  7)  four  nearly  vertical,  paper-thii 
open  cracks  occurred  in  the  general  locality  of  the  Trance 
trace.  These  fractures  extended  from  the  bottom  of  tr 
trench  to  within  a  meter  or  so  of  the  surface  and  wei: 
oriented  generally  more  northerly  than  the  northwester) 
strike  of  the  fault  zone,  suggesting  their  origin  as  en  ech 
Ion  (Reidel)  shears  related  to  recent  (1906?)  right-later; 
slip  along  the  Trancos  trace. 

The  deposits  in  Trench  C  were  essentially  horizont; 
and  undeformed.  However,  progressing  from  east  to  we* 
in  trenches  E  and  D,  the  older  underlying  beds  are  ir 
clined  more  steeply  westward  toward  the  center  of  th 
valley  than  the  younger  overlying  beds.  The  beds  hav 
apparent  dips  of  between  5  and  1 5  degrees  towards  th 
west.  The  inclination  of  the  beds  increases  westward  of  th 
Trancos  trace  as  shown  in  Trench  E  on  Figure  7.  Further 
more,  the  ground  surface  rises  to  the  east  and  is  paralle 
to  the  uppermost  layer  in  Trench  E.  It  is  inferred  tha 
these  attitudes  and  the  topographic  slope  represent  incre 
mental  warping  of  originally  horizontal  floodplain  depos 
its  in  the  zone  between  the  Woodside  and  Trancos  traces 
Carbon- 14  ages  were  obtained  from  organic  materials  col 
lected  at  a  depth  of  approximately  2  meters  in  Trench  E 
and  yielded  dates  of  approximately  2500  years  B.P. 

Trench  F 


Trench  F  (figure  2)  was  excavated  across  the  Trancos 
fault  trace  as  mapped  by  Dickinson  (1970)  approximately 
one  km  southeast  of  trenches  C,  D,  and  E.  The  trench 
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ptposed  sandstone  and  gray  mudstone  overlain  by  approx- 
jnately  one  meter  of  silty  clay  and  top  soil  (figure  7). 
Inhere  the  northeastern  end  of  the  trench  crossed  the 
|iapped  location  of  the  Trancos  trace,  four  or  five  distinct 
:iult  planes  were  found  in  a  zone  about  2  meters  wide.  The 
[lanes  extended  upward  from  the  bottom  of  the  trench  to 
jepths  varying  from  1.5  meters  to  a  few  centimeters.  At 
i:ast  two  of  the  planes,  one  of  which  formed  a  prominent 
pundary  between  sandstone  on  the  west  and  mudstone 
n  the  east,  extended  into  the  topsoil.  The  fault  planes  had 
:,frikes  varying  from  N35W  to  N60W  with  dips  of  80  to 
I  5  degrees  to  the  southwest,  and  were  marked  with  hori- 
jntal  slickensides.  No  other  faults  were  observed  within 
le  length  of  the  trench  which  extended  more  than  15 
leters  beyond  the  limits  shown  in  Figure  7. 

The  presence  of  distinct  fault  planes  with  apparently 
resh  slickensides  extending  into  the  topsoil  leads  us  to 
elieve  that  the  faults  observed  in  Trench  F  broke  the 
lrface  in  1906.  This  assumption  is  supported  by  the 
rong  geomorphic  and  topographic  expression  of  the 
irancos  trace  both  north  and  south  of  this  location. 


Summary  of  the  Trench  Data 

Prominent  fault  planes  extending  into  the  topsoil  were 
>und  in  Trench  A  along  the  Woodside  trace  coincident 
ith  the  location  of  demonstrable  surface  faulting  in  1906. 

owever,  trenching  further  to  the  south  along  the  Wood- 
de  trace  failed  to  reveal  evidence  of  near  surface  faulting. 
,renches  E  and  F  displayed  fresh  fractures  along  the 
jancos  trace  at  least  as  far  north  as  Trench  E.  Trenches 
,  D,  and  E  revealed  no  evidence  of  faulting  in  the  zone 
:tween  the  two  traces,  but  they  did  display  evidence  of 
lmulative  ground  warping. 


The  soil  stratigraphy,  as  well  as  the  relative  deformation 
and  age  of  the  layers  exposed  in  trenches  A,  B,  D,  and  E, 
suggest  that  this  area  has  experienced  at  least  several 
events  of  surface  faulting  in  the  past  2500  years,  during 
which  the  pattern  of  permanent  ground  deformation  has 
remained  much  the  same.  Analysis  of  the  relationships 
between  earthquake  magnitudes  and  the  length  and  dis- 
placement of  causative  faults,  as  well  as  the  characteristic 
behavior  of  various  segments  of  the  San  Andreas  fault,  has 
led  to  estimates  of  the  recurrence  interval  and  probable 
magnitude  of  earthquakes  that  may  be  expected  along 
segments  of  the  San  Andreas  fault  system  (Wallace,  1970; 
Cummings,  1974).  The  segment  of  the  San  Andreas  fault 
system  that  passes  through  the  San  Francisco  Peninsula 
and  Portola  Valley  is  generally  believed  to  be  character- 
ized by  earthquakes  of  magnitude  7  to  8  associated  with 
surface  fault  displacements  of  1  to  10  meters  at  recurrence 
intervals  of  100  to  1000  years.  Although  the  maximum 
surface  fault  displacement  in  1906  was  about  5  meters  in 
the  epicentral  region  north  of  San  Francisco,  in  Portola 
Valley  it  was  about  1  meter  or  less. 

Based  on  the  estimated  recurrence  interval  along  this 
segment  of  the  San  Andreas  fault  system,  it  is  reasonable 
to  assume  that  the  Portola  Valley  area  has  been  subjected 
to  at  least  several  (perhaps  more  than  ten)  significant 
faulting  events  during  the  past  2500  years.  The  variation 
in  soil  stratigraphy  displayed  between  the  two  larger  fault 
planes  exposed  in  Trench  A  and  the  incremental  increase 
downward  in  the  inclination  of  the  warped  layers  exposed 
in  Trenches  B,  D,  and  E  support  this  assumption.  It  is 
suggested  that  these  characteristics  are  due  to  intervals  of 
floodplain  deposition  by  Sausal  Creek  and  subsequent  soil 
development,  interrupted  by  at  least  several  faulting 
events  along  the  Woodside  and  Trancos  traces  with  as- 
sociated warping  in  the  step— over  zone  between  the  two 
traces,  in  much  the  same  manner  as  that  described  above 
for  the  pattern  of  deformation  which  occurred  in  1906. 


CONCLUSIONS 


jit  is  concluded  from  this  study  that  surface  faulting 
ong  the  San  Andreas  fault  zone  in  1906  extended 
rough  Portola  Valley  southeastward  along  the  Wood- 
de  trace  across  Portola  Road,  and  terminated  less  than 
X)  meters  south  of  the  point  where  the  trace  crosses  the 
>ad.  Surface  faulting  was  then  transferred  in  a  left-step- 
ng,  en  echelon  pattern  to  the  Trancos  trace  with  move- 
ent  beginning  approximately  100  meters  southeast  of  the 
tersection  of  the  Trancos  trace  and  Portola  Road.  The 
irface  faulting  extended  southeastward  along  the  Tran- 
>s  trace  with  increasing  displacement  at  least  to  Alpine 
oad  and  beyond.  Surficial  strain  transfer  between  the 
/o  en  echelon  traces  was  accomplished  by  compressive 
lckling  recorded  by  the  warping  of  the  beds  and  ground 
irface  in  this  zone. 


No  obvious  evidence  for  faulting  of  surficial  materials 
as  much  as  2500  years  old  along  the  Woodside  trace  could 
be  found  to  the  South  of  Trench  A.  From  just  south  of 
Trench  A  for  a  distance  of  about  600  feet,  the  Woodside 
trace  is  marked  by  weak  or  no  topographic  or  photo- 
graphic expression.  About  600  feet  south  of  Trench  A  and 
beyond,  the  Woodside  trace  is  marked  by  subdued  to 
prominent  lineament  expression.  Hence,  it  is  concluded 
that  the  surface  faulting  responsible  for  the  subdued  to 
prominent  lineament  expression  along  the  Woodside  trace 
(south  of  Trench  A)  occurred  more  than  2500  years  ago, 
and  the  weak  to  no  lineament  expression  in-between  is 
probably  related  to  an  absence  of  significant  surface  fault- 
ing. Although  prominence  of  physiographic  or  photo- 
graphic linear  elements  may  be  the  result  of  a  number  of 
factors  other  than  recency  of  faulting,  there  appears  to  be 
a  general  correlation  in  the  Portola  Valley  area  between 
prominence  of  trace  expression  and  recency  of  faulting, 
the  fault  trace  segments  with  the  strongest  topographic 
expression  being  those  that  had  surface  faulting  in  1906. 
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QUATERNARY  GEOLOGY  OF  THE  SAN  ANDREAS  FAULT  ZONE 

AT  POINT  REYES  NATIONAL  SEASHORE, 

MARIN  COUNTY,  CALIFORNIA 

by 
N.  Timothy  Hall1  and  David  A.  Hughes2 


INTRODUCTION 


I  The  headquarters  of  Point  Reyes  National  Seashore 

mrently  occupies  the  site  of  the  "Skinner  Ranch",  a 
nation  that  became  famous  after  the  1906  earthquake  for 
le  well-documented  4— to-5-meter  offsets  produced  by 

i  movement  along  the  San  Andreas  fault  (Lawson,  1908). 

■  i  this  vicinity,  the  1906  trace  lies  along  or  just  upslope 
•om  the  western  edge  of  a  discontinuous  ridge  that  ex- 
:nds  southeastward  for  at  least  4  kilometers  from  where 
ir  Francis  Drake  Highway  crosses  the  southern  end  of 
omales  Bay  (figure  1 ) .  This  ridge  lies  in  the  center  of  a 
implex,  l-to-2-kilometer-wide  linear  rift  valley  devel- 
ped  along  the  San  Andreas  fault  zone.  The  purpose  of 
lis  paper  is  to  present  data  on  the  origin  and  distribution 
f  the  Quaternary  deposits  and  erosion  surfaces  developed 
i  the  vicinity  of  park  headquarters,  to  explore  the  effects 
f  fluctuating  sea  level  on  the  geomorphic  evolution  of  the 
ft  valley,  to  describe  in  detail  the  1906  faulting  developed 
a  the  medial  ridge,  and  to  document  the  park's  evolving 
iterpretive  programs  on  earthquakes  and  the  San  An- 
reas  fault. 

BEDROCK  GEOLOGY 

For  the  past  several  years,  the  San  Andreas  has  been 
:cognized  as  a  northwest-trending  transform  fault  that 
:parates  the  North  American  plate  on  the  east  from  the 
acific  plate  on  the  west  (Atwater,  1970).  Right-lateral 
iear  has  been  the  characteristic  movement  along  this 
late  boundary  during  late  Cenozoic  time  and  has  jux- 
iposed  two  fundamentally  different  types  of  bedrock  in 
le  Point  Reyes  region.  The  sparsely  vegetated  flank  of 
olinas  Ridge,  which  forms  the  eastern  boundary  of  the 
an  Andreas  fault  zone,  is  underlain  by  the  complexly 
^formed  and  lithologically  heterogeneous  Franciscan  as- 
:mblage  of  Jurassic-Cretaceous  age.  A  roughly  east-west 
ending,  one-km-wide  band  of  melange,  a  tectonic  mix- 
ire  of  sheared  shale  and  sandstone  containing  resistant 
ctonic  inclusions  (knockers)  of  various  Franciscan  li- 
lologies,  bisects  a  northwest-trending  belt  of  Franciscan 
indstone  interbedded  with  shale  (Blake  and  others, 
?74) .  The  more  tree-covered  slopes  of  Inverness  Ridge, 
hich  form  the  western  boundary  of  the  fault  zone  and  the 
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eastern  limit  of  the  Salinian  Block,  are  underlain  primarily 
by  three  formations.  The  basement  rock  of  the  Salinian 
Block  here  consists  mostly  of  deeply  weathered  granodior- 
ite  of  Cretaceous  age  which  contains  scattered  inclusions 
of  metamorphic  rocks  (Ross,  1972).  Granitic  rocks  crop- 
out  along  the  western  margin  of  the  fault  zone  from  the 
vicinity  of  Point  Reyes  National  Seashore  headquarters 
near  Olema  northwestward  to  Tomales  Point,  the  north- 
western tip  of  the  Point  Reyes  Peninsula.  Laird  Sandstone, 
a  medium-  to  coarse-grained  arkosic  sandstone  of  Mio- 
cene (?)  age,  nonconformably  overlies  the  granitic  rocks. 
The  Laird  is  in  turn  conformably  overlain  by  the  light  tan 
siliceous  Monterey  Shale  of  Miocene  age  which  is  exposed 
along  the  western  margin  of  the  fault  zone  from  park 
headquarters  southeastward  for  23  kilometers.  Readers 
are  referred  to  Blake  and  others  (1974)  and  to  Galloway 
(1977)  for  further  information  on  the  distribution  and 
lithology  of  the  formations  found  in  the  Point  Reyes  re- 
gion. 

QUATERNARY  GEOLOGY 

Geomorphology  of  the  Rift  Zone 

The  San  Andreas  fault  zone  in  Marin  County  is  ex- 
pressed topographically  as  a  remarkably  straight  trough, 
from  0.8  to  1.6  kilometers  wide  and  21  kilometers  long, 
that  separates  the  Point  Reyes  Peninsula  on  the  west  from 
"mainland  California."  The  drowned  ends  of  this  trough 
form  Bolinas  Lagoon  on  its  southeastern  end  and  Tomales 
Bay  on  the  northwest.  The  predominant  topographic  fea- 
tures of  the  subaerial  portions  of  the  rift  valley  are  low 
ridges  separated  by  valleys  or  depressions,  all  of  which  are 
generally  elongated  parallel  to  the  fault  zone.  These  ridges 
do  not  exceed  5  kilometers  in  length  and  50  meters  in 
height.  Some  end  by  wedging  out;  others  are  replaced 
along  the  same  trend  by  linear  valleys.  Closed  depressions 
containing  swamps  or  ponds  are  common  features  of  both 
the  ridges  and  the  intervening  valleys.  G.  K.  Gilbert 
counted  47  such  sag  ponds  between  Bolinas  Lagoon  and 
Lagunitas  (Papermill)  Creek  during  his  study  of  the  fault 
zone  after  the  1906  earthquake  (Lawson,  1908,  p.  31). 
Because  he  found  that  the  surface  changes  caused  by  the 
1906  faulting  nearly  always  tended  to  increase  the  heights 
of  the  ridges  and  the  depths  of  the  valleys,  he  concluded 
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Figure  1.      Geologic  mop  of  the  headquarters  region  of  Point  Reyes  National  Seashore,  Marin  County,  California. 


74 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


EXPLANATION 


SR  n 


Qaf 


Qal 
OT 


Qc 


Quaternary  Units 

Artificial  fill 

Alluvium 

Alluvial  fan  deposits;  1=younger  fan,  2=  older 
fan 

Colluvium 


Qm        Estuarine  mud  and  marsh  deposits 


Qoa 


Marine  and  stream  terrace  deposits;  lithology 
of  predominant  gravel  clasts  indicated  by: 
(f)=derived  from  Franciscan  assemblage, 
(g)=derived  from  granitic  rocks,  (m)=derived 
from  Monterey  Shale 

Older  alluvium;  symbols  used  for  the  litho- 
logy of  the  predominant  gravel  clasts  are 
explained  under  Qt  above 


Tertiary  Units  (from  Blake  and  others,  1974) 

Tm  I       Monterey  Shale  (Miocene) 
Laird  Sandstone  (Miocene?) 


Tl 


Mesozoic  Bedrock  Units  (from  Blake  and  others,  1974) 

Granitic  rocks  (Cretaceous) 


Kgr 


KJfss 


KJfs 


Franciscan  assemblage  shale  and  interbedded 
sandstone  (Jurassic  and  Cretaceous) 

Franciscan  assemblage  melange  (Jurassic  and 
Cretaceous) 


Symbols 

_,-/?  Contact;  solid  where  well  located,  dashr 
where  approximately  located,  queried  wsi 
location  uncertain 


'•p 


* 


^— «*^      Fault;  solid  where  fault's  location  and  e 
ence  well  established,  dashed  where  app 
mately  located,  dotted  where  inferred 
beneath  Quaternary  deposits,  queried 
where  existence  of  fault  uncertain.  Strai  s 
of  the  San  Andreas  fault  observed  to  be 
active  in  1906  are  labelled. 


Scarp;  may  be  of  landslide,  fault  or  eros  i 
origin 

Quaternary  (landslide  deposit;  D=definit< 
P=probable,  ?=questionable.  Arrows  inca 
direction  of  movement 

Region  of  surficial  creep  or  small,  shallo 
debris  flows 

Terrace  surfaces  and/or  deposits/develop 
on  Franciscan  assemblage  bedrock.  Highi 
numbers  indicate  older  surfaces. 


H 

SP 


Sag  pond  of  either  tectonic  or  landslide  c|i 
**1  Special  locality  referred  to  in  text 
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Photo  locations  of  Fig.  5A  and  Fig.  6A. 


Fig.  1  continued 
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lat  these  linear  features  were  of  fault  origin.  The  complex 
nd  often  anomalous  drainage  patterns  within  the  rift 
one  also  support  a  tectonic  origin  for  most  of  the  ridges 
nd  valleys.  The  two  major  subsequent  streams  draining 
le  rift  valley  are  Olema  Creek,  which  flows  northwest- 
'ard  into  Tomales  Bay,  and  Pine  Gulch  Creek,  which 
ows  southeastward  into  Bolinas  Lagoon.  For  a  distance 
If  3  kilometers  these  axial  streams  flow  parallel  to  each 
'^ther  in  opposite  directions  and  are  separated  only  by  low 
dges.  In  general,  the  ridges  within  the  rift  zone  are  inde- 
endent  of  the  drainage.  In  part,  they  deflect  or  localize 
:  de  drainage;  in  part,  the  streams  cut  across  the  ridges  and 
;feate  water  gaps.  As  might  be  expected,  streams  often 
)llow  the  linear  valleys  between  the  ridges,  but  they  also 
Dmmonly  cut  across  these  valleys. 

At  park  headquarters  the  San  Andreas  rift  valley  is 
•  naracterized  by  a  deeply  eroded  medial  ridge  which  di- 
des  the  rift  into  two  parallel,  northwest-trending  al- 
iviated  valleys.  Both  Olema  Creek  on  the  east  and  Bear 
alley  Creek  on  the  west  empty  into  Lagunitas  Creek  near 
le  southeastern  end  of  Tomales  Bay.  Because  they  are 
near  and  parallel  to  the  San  Andreas  fault,  it  seems  likely 
lat  the  general  courses  of  both  Olema  Creek  and  Bear 
alley  Creek  northwest  of  the  Earthquake  Trail  (figure  1) 
ere  determined  by  faulting  within  the  rift  zone. 

,  Bolinas  Ridge  forms  the  eastern  margin  of  the  rift  valley 
id  is  characterized  by  rolling  topography  of  moderate 
lief  with  scattered  remnants  of  at  least  five  terrace  sur- 
ces  preserved  on  it  (figure  1).  With  the  exception  of  Qt, 
l.ese  terraces  have  not  been  systematically  investigated  in 
e  field,  so  it  is  not  known  at  present  if  any  or  all  are 
iderlain  by  terrace  deposits.  Bolinas  Ridge  is  also  cha- 
cterized  by  small,  poorly  developed  alluvial  fans  or  by 
)  fans  at  all  where  the  southwestward-flowing  tributar- 
s  of  Olema  Creek  join  the  Olema  Valley.  In  contrast,  the 
)rtheast-facing  slope  of  Inverness  Ridge  is  characterized 
/  well-developed  alluvial  fans  and  by  fluvial  terrace 
•posits  mapped  as  older  alluvium  (Qoa).  This  greater 
cumulation  of  fan  and  terrace  deposits  can  be  explained 
us:  ( 1 )  Inverness  Ridge  has  twice  the  relief  of  Bolinas 
idge  and  should,  therefore,  produce  a  greater  volume  of 
>arse  sediment,  and  (2)  Bear  Valley  Creek  has  a  smaller 
scharge  than  Olema  Creek  and  is  consequently  less  able 
i  carry  away  all  the  sediment  supplied  by  its  tributaries. 

Fluctuations  in  sea  level  during  the  Pleistocene  epoch 
<  used  by  world-wide  glacial  advances  and  retreats  have 
Id  a  significant  effect  on  the  geomorphic  evolution  of 
l'rtions  of  the  San  Andreas  fault  zone  in  Marin  County, 
luring  the  Late  Wisconsin  glacial  maximum  about  15,- 
(0  years  ago,  when  sea  level  was  perhaps  as  much  as  120 
isters  below  its  present  level   (Milliman  and  Emery, 

68),  Tomales  Bay  and  Bolinas  Lagoon  were  subaerial 
'lleys.  Axial  streams  such  as  Olema,  Bear  Valley,  and 
Ine  Gulch  Creeks  were  able  to  carve  deep  canyons  into 
le  floor  of  the  rift  valley.  Tributaries  of  these  axial 
: 'earns  also  incised  the  older  fans  and  dissected  the  ter- 


races they  had  previously  deposited.  During  the  rise  of  sea 
level  accompanying  the  current  glacial  retreat,  Tomales 
Bay  and  Bolinas  Lagoon  were  flooded  by  marine  waters 
which  drowned  the  incised  canyons  of  the  axial  streams 
and  caused  alluviation  to  occur  at  progressively  higher 
elevations.  Today  fine-grained  sediments  are  accumulat- 
ing throughout  the  drowned  portions  of  the  rift  valley 
(Daetwyler,  1966;  Ritter,  1970).  Once  sea  level  reached 
its  present  elevation  approximately  5000  years  ago  (Milli- 
man and  Emery,  1968),  Lagunitas  and  Olema  Creeks 
built  a  delta  that  interfingered  with  and  is  currently  pro- 
grading  over  the  muds  at  the  southeastern  end  of  Tomales 
Bay.  Similarly,  Pine  Gulch  Creek  is  building  a  delta  that 
is  rapidly  advancing  into  Bolinas  Lagoon.  The  axial 
streams,  particularly  Olema  Creek,  meandered  as  they 
aggraded  and  scalloped  the  sides  of  the  fault  slice  ridges 
lying  within  the  rift  zone.  The  complex  array  of  Quater- 
nary surfaces  and  deposits  within  the  rift  valley  in  Marin 
County  indicates  that  several  cycles  of  erosion  and  deposi- 
tion controlled  by  fluctuations  in  sea  level  have  probably 
occurred  here. 

Two  late  Holocene  geomorphic  changes  not  caused  by 
changing  sea  levels  are  worth  mentioning.  One  is  the  re- 
cent artifical  straightening  of  Olema  Creek  which  has 
halted  the  scalloping  of  the  medial  ridge's  northeastern 
edge  and  has  caused  the  creek  to  incise  its  flood  plain  from 
1  to  4  meters.  This  straightening  has  occurred  since  1906, 
for  in  his  report  on  Marin  County  after  the  earthquake,  G. 
K.  Gilbert  made  a  sketch  that  showed  Olema  Creek  with 
a  sinuous  channel  (Lawson,  1908,  figure  16).  Similarly, 
the  younger  nested  fans  along  the  western  margin  of  the 
rift  valley  (Qfi)  may  have  formed  during  historic  time  as 
the  result  of  grazing,  lumbering,  or  land  development. 

Origin  of  the  Medial  Ridge 

Of  particular  interest  to  our  study  is  the  origin  and 
evolution  of  the  previously  described  medial  ridge.  Such 
ridges  are  characteristic  of  many  segments  of  the  San 
Andreas  fault  zone  and  may  originate  when  slices  of  rock 
or  fault  gouge  and  breccia  are  squeezed  up  within  the  fault 
zone  (Wallace,  1949).  Evidence  of  faulting  along  the 
southwestern  flank  of  this  ridge  is  quite  clear,  but  we  could 
find  no  evidence  of  faulting  along  its  northeastern  margin. 
If  this  ridge  has  in  fact  been  squeezed  up,  we  expect  it  to 
be  bounded  on  the  northeast  by  a  series  of  southwestward 
-dipping  thrust  faults  like  those  observed  along  the 
northeastern  boundary  of  the  Elkhorn  Hills  in  the  arid 
Carrizo  Plain.  Thrust  faults  are  difficult  to  detect  under 
the  best  of  geologic  circumstances,  but  along  the  northeast 
margin  of  the  ridge  near  park  headquarters  extensive 
landsliding  and  lateral  erosion  by  Olema  Creek  followed 
by  colluviation  of  the  meander-produced  scarps  have 
obliterated  any  surface  expression  of  faulting  that  might 
have  existed.  The  numerous  landslides  that  cover  the 
flanks  of  this  medial  ridge  testify  to  its  low  internal 
strength  and  also  support  a  "squeeze-up"  origin.  Alter- 
nately, since  this  ridge  is  made  up  of  alluvial  deposits,  it 
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could  be  an  erosional  remnant  temporarily  preserved 
between  the  channels  of  Olema  and  Bear  Valley  Creeks. 
Except  for  outcrops  found  immediately  adjacent  to  the 
active  traces  of  the  San  Andreas,  the  ridge  does  not  appear 
to  be  highly  deformed  internally.  In  view  of  limited  expo- 
sures, a  clearer  understanding  of  the  origin  of  this  ridge 
must  await  appropriate  subsurface  investigations. 

Except  for  a  few  scattered  terrace  deposits  on  its 
northeastern  flank  deposited  by  Olema  Creek,  the  medial 
ridge  consists  of  alluvium  derived  from  the  rocks  exposed 
west  of  the  San  Andreas  rift  zone.  Near  Vedanta  Retreat 
the  gravels  of  the  medial  ridge  consist  almost  entirely  of 
clasts  whose  source  was  the  Monterey  Shale,  but  the  bulk 
of  the  ridge  is  composed  of  sands  and  gravels  derived  from 
granitic  rocks.  Scattered  pebbles  of  Franciscan  chert  and 
graywacke  found  near  the  northwestern  summit  of  the 
ridge  east  of  the  1906  fault  traces  indicate  that  the  ridge 
has  a  complex  depositional  history,  however.  Contacts 
between  the  various  gravel  units  may  either  be  faults  or 
disconformities  created  as  the  rift  valley  streams  changed 
their  courses.  Bear  Valley  Creek  provides  an  excellent 
example  of  a  recent  drainage  change  that  affected  the 
ridge.  From  the  current  topography  it  seems  clear  that  in 
late  Holocene  time  Bear  Valley  Creek  drained  directly 
eastward  from  Inverness  Ridge,  flowed  through  a  water 
gap  in  the  ridge  just  southeast  of  Vedanta  Retreat,  and 
joined  Olema  Creek. 

Two  unusual  rock  types  occur  within  the  medial  ridge. 
On  the  east  side  of  Bear  Valley  Road  across  from  park 
headquarters  (figure  1,  locality  number  1),  a  0.2-meter- 
thick,  very  fine-grained,  laminated  vitric  tuff  is  found 
within  a  sequence  of  sandy,  silty  clays  which  we  have 
interpreted  as  sag  pond  deposits.  In  places,  this  tuff  is 
complexly  deformed  and  intrudes  the  adjacent  layers  as 
thin  stringers  and  irregular  blebs.  We  believe  that  this 
deformation  was  caused  by  liquefaction  or  some  other 
type  of  mobilization  during  an  earthquake.  The  refractive 
index  of  the  glass  shards  in  this  tuff  is  1.501  ±  .001,  about 
the  same  as  that  of  the  tuff  in  the  type  section  of  the 
Merced  Formation  of  the  western  San  Francisco  Penin- 
sula, but  the  shard  morphology  is  quite  different.  The 
most  abundant  transparent  heavy  minerals  (S.G.  >  2.85) 
in  this  tuff  are  orthopyroxenes,  followed  by  clinoam- 
phiboles  and  clinopyroxenes,  but  the  presence  of  minerals 
typical  of  Franciscan  assemblage  metamorphic  rocks, 
such  as  glaucophane,  pumpellyite,  actinolite,  and  garnet 
indicate  that  the  tuff  is  contaiminated  with  detrital  materi- 
al (Andrei  Sarna-Wojcicki  and  Paul  C.  Russell,  oral  com- 
munication, 1976).  Definitive  correlation  of  this  tuff  with 
other  units  awaits  further  petrographic  and  chemical  anal- 
yses. 

Near  the  northwestern  end  of  the  medial  ridge  (figure 
1,  locality  number  2)  there  is  a  resistant  outcrop  of  an 
angular,  pebbly  sand  derived  from  a  granitic  source  that 
is  firmly  cemented  with  limonite  and  manganese  oxide, 
but  which  is  pervaded  with  randomly  oriented  and  irregu- 


larly shaped  openings  up  to  1  centimeter  across  an 
centimeters  long.  The  openings  are  commonly  filled  \  :li 
soil  which  appears  to  have  washed  into  the  cavities  a  I 
their  formation.  The  irregular  openings  in  this  rock  cc  d 
be  the  result  of  some  sort  of  biologic  activity,  such  as  le 
borings  of  marine  worms,  while  the  high  iron  and  mar  i- 
nese  oxide  content  suggest  a  later  cementation  of  this  r  k 
under  poorly  drained  conditions. 

Correlation  of  Quaternary  Deposits 

At  present,  it  is  possible  to  make  only  a  few  tentai 
correlations  of  the  terrace  and  alluvial  deposits  founc 
the  rift  valley  near  park  headquarters.  The  paired  tern 
which  lie  on  the  north  side  of  Bear  Valley  Creek, 
meters  south  of  the  Earthquake  Trail  parking  lot,  co 
late  with  similar  terrace  gravels  that  underlie  this  park 
lot.  Similarly,  the  cobble  gravels  that  make  up  the 
terrace  at  the  northeastern  tip  of  the  medial  ridge  may 
correlative  with  similar  cobble  gravels,  mapped  as 
which  crop  out  along  the  south  bank  of  Lagunitas  Cr 
at  the  northeastern  corner  of  Olema  Valley.  It  also  se< 
likely  that  the  older  alluvium  (Qoa)  of  the  medial  ri 
which  was  derived  from  granitic  rocks  correlates,  i 
general  way,  with  the  lithologically  similar  outcrops 
older  alluvium  (Qoa)  which  lie  northwest  of  park  he 
quarters.  For  example,  the  areas  surrounding  locali 
number  3  and  number  4  (figure  1 )  are  the  only  places 
found  the  older  alluvium  to  be  composed  primarily 
granitic  cobbles.  If  these  cobble  gravels  are  correlat 
there  has  been  an  apparent  right  lateral  offset  of  at  1< 
1.2  kilometers  of  the  Qoa  by  movement  along  the  ! 
Andreas  fault. 


1906  FAULTING 

The  first  entry  in  G.  K.  Gilbert's  notebook  for  Wednt 
day,  April  18,  1906,  is,  "An  earthquake  shock  at  5: 
(a.m.),  followed  by  others  at  intervals...  Motion  in  r 
room  (in  Berkeley)  N-S,  in  other  rooms  E-W.  Wat 
spilled  from  pitcher  and  chamber.  Duration  estimated 
1  minute."  (Book  #108,  p.  3.,  U.S.G.S.  Geoloj 
Records,  Accession  #3501).  The  main  shock  of  Magi 
tude  8.3  was  centered  on  the  San  Andreas  fault  in  t 
Olema  Valley  of  Marin  County  very  close  to  the  hea 
quarters  of  Point  Reyes  National  Seashore.  Here,  displac 
ments  of  several  meters,  the  largest  measured  along  t 
fault  traces  active  in  1906,  rearranged  both  the  landsca 
and  the  cultural  features  that  straddled  them.  Fortunate 
for  geologists,  the  Marin  County  segment  of  the  San  A 
dreas  fault  has  been  but  slightly  altered  by  cultural  activi 
since  1906  and  is  now  largely  protected  within  the  boun 
aries  of  the  national  seashore. 

Gilbert  recognized  three  different  surface  expressions 
the  1906  faulting  and  classified  them  as  either  the  "rid| 
phase",  the  "trench  phase",  or  the  "echelon  phase"  (La\ 
son,  1908,  p.  66).  The  ridge  phase  was  manifested  alor 
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onsiderably  more  than  half  of  the  subaerial  length  of  the 

"ift  in  Marin  County.  It  was  characterized  by  torn  and 

>roken  blocks  of  soil  heaved  into  a  ridge  from  1  to  3 

neters  wide  and  up  to  one-half  a  meter  high  (figure  7C). 

Tracks   within   the  ridge    (or  mole  track)    commonly 

crossed  the  ridge  obliquely  and  had  a  more  northerly 

trike  then  the  fault  itself.  This  geometry  is,  of  course, 

insistent  with  right-lateral  shear.  Gilbert  estimated  that 

he  volume  of  cracks  and  voids  within  the  mole  track  was 

nore  or  less  equal  to  the  volume  of  the  ridge.  As  the  term 

mplies,  the  trench  phase  consisted  of  a  shallow  trench 

ajrom  one  to  several  meters  wide  in  which  the  walls  of  the 

n;  fault  evidently  separated  a  bit,  enabling  blocks  of  soil  to 

subside  as  much  as  two  thirds  of  a  meter  in  places  (figure 

'A,  B) .  The  echelon  phase  was  characterized  by  a  series 

fi>f  parallel  north-striking  cracks  arranged  en  echelon, 

it  across  which  there  was  little  or  no  vertical  change.  Gilbert 

i  observed  that  the  echelon  phase  was  largely  confined  to 

\  ireas  underlain  by  water-saturated  alluvium.  He  also 

Ibund  a  few  places  where,  for  short  distances,  the  fault  was 

\  expressed  by  a  simple  straight  fracture.  For  details  on  the 

I  ocation  of  fault  strands  and  rift  features  within  this  seg- 

■  nent  of  the  San  Andreas  fault  zone,  readers  are  referred 

io  Brown  and  Wolfe  (1972)  and  to  Herd  and  Helley 

1977). 

In  the  vicinity  of  Vedanta  Retreat,  which  was  known  as 
■he  Paine  Shafter  Ranch  in  1906,  the  1906  trace  is  a  single 
trand  that  follows  the  southwestern  base  of  a  discontinu- 
ous medial  ridge  (figure  1),  its  path  clearly  marked  by 
listinctive  rift  features,  including  a  sidehill  bench,  a 
rench,  small  sags,  a  marsh,  a  vegetation  lineation,  and 
outhwest-facing  scarps.  Paine  Shafter  had  drained  and 
cultivated  the  land  west  of  this  ridge,  but  after  the  earth- 
|uake  a  local  stream  reversed  its  direction,  flowed  into  the 
irea  southeast  of  his  home,  and  recreated  the  marsh.  Fig- 
ire  2  shows  this  new  marsh  and  a  lane  of  water  two-thirds 
)f  a  meter  deep  that  developed  along  the  1906  trace.  Here, 
hen,  is  a  concrete  example  of  a  topographic  change  that 
.upports  Gilbert's  observation  that  the  relief  of  fault-pro- 
duced landforms  along  the  San  Andreas  was  generally 
ncreased  by  the  1906  faulting.  The  fact  that  trees  which 
iied  900  radiocarbon  years  ago  were  found  buried  2  me- 
ers  below  the  surface  of  this  marsh  strongly  suggest  that 
here  were  pre-1906  faulting  events  which  also  caused 
subsidence  and  flooding  of  this  same  tract  of  land  (E.  J. 
Kelley,  oral  communication,  1976). 

It  was  from  the  Shafter  Ranch  that  G.  K.  Gilbert  re- 
orded  the  only  fatality  the  1 906  earthquake  caused  along 
he  fault  zone  in  Marin  County.  He  described  the  tragedy 
n  his  field  notes  as  follows:  "A  cow  was  here  swallowed 
>y  the  crack,  disappearing  all  but  the  tail .  .  .  the  testimo- 
iy  on  this  point  is  beyond  question."  (Book  #  108,  p.  25, 
J.S.G.S.  Geologic  Records,  Accession  #3501).  Al- 
hough  he  never  states  who  gave  him  this  unimpeachable 
estimony,  he  did  visit  the  site  and  observed  that,  "As  the 
ault  trace  in  that  neighborhood  showed  no  cracks  large 
nough  to  receive  a  cow,  it  would  appear  that  there  was 


a  temporary  parting  of  the  walls."  (Lawson,  1908,  p.  192). 
(We  will  elaborate  on  this  pressing  issue  in  our  discussion 
of  the  Earthquake  Trail  in  the  section  that  follows.) 

As  mentioned  previously,  the  headquarters  of  the  Point 
Reyes  National  Seashore  currently  occupies  the  site  of  the 
famous  "Skinner  Ranch."  Here  G.  K.  Gilbert  measured 
four  displaced  cultural  features  and  plotted  their  positions 
with  respect  to  the  1906  trace  on  the  map  shown  in  Figure 
3.  Figure  4,  which  shows  the  southeastern  corner  of  the 
Skinner  Barn  after  the  earthquake,  is  one  of  the  more 
compelling  pictures  of  ground  displacement  to  emerge 
from  Marin  County.  In  1940  the  original  barn  was  re- 
placed by  a  similar  structure  on  the  same  site.  Today  this 
red  barn  houses  the  Seashore's  auditorium,  where  park 
visitors  can  have  a  front  row  seat  on  the  San  Andreas  fault 
as  they  learn  about  earthquake  hazards. 

In  his  field  notes  for  May  10,  1906,  Gilbert  recorded 
some  of  the  seemingly  capricious  effects  of  ground  shaking 
at  the  Skinner  Ranch.  In  the  milking  yard  "men  and  cows 
were  thrown  down  a  hill  in  a  heap"  (Book  #108,  p.  26, 
U.S.G.S.  Geologic  Records,  Accession  #3501),  while  a 
ten-foot-high  wooden  water  tank  that  was  one-third  full 
and  that  stood  only  100  feet  east  of  the  fault  (figure  3) 
neither  moved  on  nor  damaged  its  light  frame.  The  ranch 
house  shifted  to  the  northwest  on  its  foundation  despite 
the  fact  that  the  ground  under  it  also  moved  in  the  same 
direction.  By  contrast,  the  granary  which  stood  a  hundred 
feet  west  of  the  house  shifted  three  feet  in  a  southerly 
direction.  The  arrows  drawn  on  these  buildings  in  Figure 
3  show  their  direction  of  movement.  David  Starr  Jordan, 
then  President  of  Stanford  University,  speculated  about 
movement  on  the  San  Andreas  here:  "If  Mr.  Skinner  had 
chanced  to  look  at  the  right  instant,  he  would  have  seen 
the  whole  row  of  cypress  trees  file  past  his  window  to  take 
their  station  in  front  of  the  dairy,  taking  the  rose  garden 
with  them.  A  few  raspberry  bushes  came  from  further 
north  to  take,  partly,  the  place  of  the  roses"  (Jordan, 
1907).  Unfortunately  for  science,  Mr.  Skinner  was  not 
looking. 

An  interesting  but  frustrating  part  of  this  investigation 
has  been  attempting  to  follow  and  document  displace- 
ments along  the  1906  traces  of  the  San  Andreas  fault. 
Cultural  features  such  as  the  reconstructed  Skinner  barn 
and  corral  fence  (Hall,  1976)  plus  the  monuments  in- 
stalled by  the  State  Earthquake  Investigation  Commission 
(Lawson,  1908,  figure  44),  three  of  which  are  still  in  place 
near  the  park  superintendent's  office,  also  helped  us  to 
locate  the  1906  trace  precisely  at  the  National  Seashore's 
headquarters.  From  the  S.E.I.C.  monuments  to  a  point  1.5 
kilometers  to  the  northwest,  however,  no  unequivocal  evi- 
dence for  the  location  of  the  1906  trace  was  found,  its 
surface  expression  having  evidently  been  obliterated  by 
landsliding  (figure  1).  At  this  northerly  point,  the  1906 
trace  becomes  clearly  visible  again  and  is  expressed  by  a 
single  northeast-facing  scarp  (figure  7D).  A  few  meters 
further  northwest  the  fault  branches  into  two  and  possibly 
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Figure  2.  G.K.  Gilbert  photo  No.  3046  which  looks  to  the  south  and  shows  the  rift  topography  southeast  of  the  Shaffer  Ranch.  The  1906  trace 
lies  along  the  base  of  the  southwest-facing  margin  of  the  medial  ridge  on  the  left  and  is  marked  by  the  water-filled  trench.  Note  that  portions 
of  the  fence  and  road  at  the  base  of  the  ridge  have  slid  into  the  trench.  Photo  courtesy  of  U.S.  Geological  Survey. 


Raspberry  Bushes  -  4.4  meters 


if  Path  -  4.6  meters 


Granary 


SE  corner  Cow  barn  -  4.9  meters 
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Fence 


Figure  3.  Sketch  map  of  the  Skinner  Ranch  showing  the  displaced  features  measur 
by  G.K.  Gilbert.  The  broken  lines  show  positions  of  bushes,  path,  and  fence  before  1 
earthquake  in  relation  to  objects  west  of  the  fault;  also  shown  is  the  position  of  I 
southeastern  corner  of  the  barn  before  the  earthquake  with  reference  to  the  ground  ei 
of  the  fault.  Arrows  on  the  house  and  granary  show  the  way  these  structures  shifted 
their  foundations.  Modified  from  Lawson  (1908,  Figure  22,  p.  72). 
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Figure  4.  Offset  deposits  provide  evidence  for  considerable  (plate)  movement.  All  but  the  southeastern  corner  of  the  Skinner  Ranch  barn  pictured 
here  was  situated  on  the  Pacific  Plate  side  of  the  San  Andreas  fault.  When  the  crust  shifted  in  1906,  the  barn  remained  intact  but  the  southeastern 
corner  slid  off  its  foundation.  Notice  the  dark  conical  stain  on  the  barn  wall  beneath  the  window.  The  deposit  of  biogenic  colluvium  (  biolluvium) 
which  caused  the  stain  travelled  with  the  American  Plate  and  is  now  4.9  meters  from  its  point  (or  window)  of  origin.  J.C.  Branner  has  turned  his 
bock  disdainfully  on  the  whole  issue.  Photo  from  J.C.  Branner  Collection,  courtesy  of  Stanford  University. 


iree  active  traces  (figure  5A,  B).  On  Thursday,  May  10, 
906,  G.  K.  Gilbert  recorded  the  following  observations 
i  his  notebook  (Book  #  108,  page  26,  U.S.G.S.  Geologic 
ecords,  Accession  #3501):  "Two  miles  north  of  Olema, 
photoed  the  fault  where  vertical  throw  is  shown.  The 
idicated  amount  is  22  inches.  The  horizontal  throw  at  the 
ime  place  is  13.5  feet.  A  half  mile  further  north  on  a  knob 
F  the  hillside  the  throw  seems  to  be  only  2  to  3  feet 
orizontally  and  half  as  much  vertically.  The  slickensides 
ip  28  degrees  to  the  southeast.  This  is  not  the  whole  of 
ie  fault.  There  are  several  subparallel  faults  up  the  hill 
id  one  of  them  shows  a  horizontal  throw  of  1  foot." 
nalysis  of  photographs  taken  by  Gilbert  and  by  an  assist- 
it  to  J.  C.  Branner  of  Stanford  University  (figure  6A,  B, 
)  indicate  that  the  major  branch  fracture  of  the  San 
ndreas  was  approximately  400  meters  long  and  served  as 
ie  headwall  for  complex  surficial  landslides.  Sliding  east 
f  the  main  trace  might  help  to  explain  both  the  anoma- 
msly  low  horizontal  slips  and  the  anomalously  high  verti- 
il  slips  Gilbert  measured  on  this  hillside.  In  addition,  we 


believe  that  the  north-striking  scarps  that  abound  on  the 
southwestern  flank  of  the  medial  ridge  (figure  1)  also 
have  a  tectonic  origin.  Cattle  and  an  occasional  geologist 
have  walked  this  ridge,  but  it  has  not  been  subjected  to 
significant  changes  since  the  earthquake.  Figure  7  (A,  B, 
C,  D)  documents  the  geomorphic  alterations  that  have 
occurred  in  the  past  seven  decades  along  the  1906  fault 
traces,  both  on  this  hillside  and  along  the  Earthquake 
Trail  at  Point  Reyes  National  Seashore. 

Approximately  0.7  km  northwest  of  this  ridge,  the  San 
Andreas  fault  bisected  Sir  Francis  Drake  Highway  where 
it  crosses  the  head  of  Tomales  Bay.  G.  K.  Gilbert  observed 
and  photographed  the  offset  road  here  on  April  28,  1906, 
the  day  of  his  first  visit  to  the  Point  Reyes  region  after  the 
earthquake  (figure  8).  He  recorded,  "The  60'  space 
between  the  ends  of  the  faulted  road  is  a  shear  zone, 
occupied  by  shredded  ground  with  many  small  horizontal 
faults"  (Book  #108,  p.  18,  U.S.G.S.  Geologic  Records, 
Accession  #3501).  Here  he  measured  a  right-lateral  dis- 
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Figure  5A.  G.K.  Gilbert  photo  number  2930  token  5/10/06.  View  to  the  northwest  of  the  medial  ridge  in  the  San  Andreas  rift  zone  from  a  point 
1.5  kilometers  northwest  of  Point  Re/es  National  Seashore  headquarters  showing  multiple  faults  active  in  1906.  Photo  courtesy  of  U.S.  Geological 
Survey. 
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EXPLANATION 


Figure  5B.  Geologic  interpretation  of  G.K.  Gilbert  photo  number  2930.  (7)  =  the  main  trace  of  the  San  Andreas  fault;  @  =  a  branch  fracture 
up  to  400  meters  long  with  a  horizontal  displacement  of  0.3  meters;  ©  =  a  second  possible  branch  fracture  located  approximately  70  meters 
northeast  of  the  main  trace. 
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Figure  6A.  The  southwestern  flank  of  the  medial 
ridge  as  seen  from  a  point  1.7  kilometers  north- 
west of  park  headquarters.  View  to  the  southeast 
showing  mole  track  (a  line  of  humped  up  and 
cracked  ground)  developed  along  the  main  1906 
trace  on  the  right  and  the  west— facing  scarp  de- 
veloped along  the  northern  portion  of  the  400 
meter-long  branch  fracture  on  the  left.  Photo  from 
J.C.  Branner  Collection,  courtesy  of  Stanford  Uni- 
versity. 


iire  6B.  Detail  of  the  west-facing  scarp  de- 
i  ped  on  the  400  meter-long  branch  fracture. 
.  Branner  provides  the  scale.  Note  that  the 
Hind  west  of  this  fracture  has  slid  to  the  right 
cards  the  main  trace  of  the  San  Andreas  fault. 
'  h  to  the  south.  Photo  from  J.  C.  Branner  Collec- 
i ,  courtesy  of  Stanford  University. 


Figure  6C.  View  to  the  northwest  of  the  curving 
mole  track  developed  along  the  main  trace  of  the 
San  Andreas  fault  in  1906.  This  photo  was  taken 
from  the  saddle  just  northeast  of  the  knob  shown 
on  the  skyline  by  (7)  in  the  center  of  G.K.  Gilbert 
photo  number  2930,  Figure  5B.  The  southwestern 
(left)  block  appears  to  have  been  elevated  slight- 
ly, but  this  may  be  partly  due  to  horizontal  dis- 
placement of  the  westward-sloping  surface  of  the 
ridge.  Photo  from  J.C.  Branner  Collection,  cour- 
tesy of  Stanford  University. 
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Figure  7A  -  1906.  G.K.  Gilbert  photo  number  2927.  View  to  the 
SE  showing  the  trench  phase  of  the  San  Andreas  fault  as  devel- 
oped on  the  medial  ridge  just  SE  of  the  Skinner  barn.  Note  the 
fallen  oak  tree  on  the  fault  trace.  The  fence  in  the  background 
was  offset  4.7  m  and  is  now  one  of  the  exhibits  on  the  Earthquake 
Trail.  Photo  courtesy  of  U.S.  Geological  Survey. 


Figure  7A  -  1977.  Note  how  the  trench  phase  has  been  modi- 
fied to  produce  a  narrow  hillside  bench  with  an  occasional  elon- 
gate closed  depression  preserved  on  it.  Posts  marking  the  1906 
trace  are  part  of  the  Earthqake  Trail  exhibits.  Photo  by  Wayne 
Fogle,  Foothill  College. 


Figure  7B  -  1906.  G.K.  Gilbert  photo  number  2924  taken  from 
the  same  spot  as  photo  2927  above  but  looking  NW.  The  Skinner 
barn  which  straddled  the  1906  trace  is  clearly  visible  in  the 
background.  Photo  courtesy  of  the  U.S.  Geological  Survey. 


Figure  7B  -  1 977.  Here ,  too,  the  trench  phase  has  been  modified 
to  form  a  narrow  hillside  bench.  The  posts  show  the  gently  curving 
1906  trace  as  it  strikes  toward  the  SE  corner  of  the  now  recon- 
structed Skinner  barn  at  Point  Reyes  National  Seashore  head- 
quarters. Photo  by  Wayne  Fogle,  Foothill  College. 
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Figure  7C  -  1906.  G.K.  Gilbert  photo  number  2933.  View  to  the 
NW  showing  the  mole  track  (ridge  phase)  developed  along  the 
main  trace  of  the  San  Andreas  fault  approximately  1.6  km  NW 
of  Point  Reyes  National  Seashore  headquarters.  At  the  knob  in 
the  background  Gilbert  found  the  horizontal  displacement  to  be 
less  than  1  m.  Photo  courtesy  of  the  U.S.  Geological  Survey. 


Figure  7C  -  1977.  The  NE  facing  vertical  scarp  has  been  re- 
duced to  a  gentle  slope  that  forms  the  SW  margin  of  a  shallow 
trough  developed  on  the  former  mole  track.  The  relief  on  the  knob 
in  the  background  has  been  reduced  considerably  while  in  the 
foreground  a  1  to  2  m  deep  gully  has  eroded  across  the  fault  since 
1906.  Photo  by  Wayne  Fogle,  Foothill  College. 
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Figure  7D  -  1906.  G.K.  Gilbert  photo  number  2926.  View  to  the 
S  of  the  scarp  developed  on  the  San  Andreas  fault  1.5  km  NW 
of  park  headquarters.  Here  Gilbert  measured  a  horizontal  slip  of 
4.1  m  and  a  vertical  slip  of  0.5  m,  although  this  latter  figure  may 
be  exaggerated  by  the  slope  of  this  hillside  to  the  N.  Compare 
with  Figure  5A.  Photo  courtesy  of  U.S.  Geological  Survey. 


Figure  7D  -  1977.  Here  is  what  the  fault  scarp  looked  like 
exactly  71  years  after  the  earthquake.  The  free  face  has  disap- 
peared and  the  escarpment  has  been  reduced  to  an  average 
slope  of  30°-35°.  Photo  by  Wayne  Fogle,  Foothill  College. 
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Figure  8.  G.K.  Gilbert  photo  No.  2847  token  April  28,  1906.  View  to  the  northeast  showing  Sir  Francis  Drake  Highway  offset  6.1  meters  by  an 
18  meter  wide  shear  zone.  Within  the  zone  of  faulting  the  causeway  has  settled  more  than  1  meter  to  the  level  of  the  Bear  Valley  Creek  marsh. 
Photo  courtesy  of  U.S.  Geological  Survey. 


placement  of  6. 1  meters,  the  largest  offset  recorded  along 
the  1906  break  of  the  San  Andreas  fault.  Apparently  Gil- 
bert felt  that  this  displacement  was  not  entirely  of  tectonic 
origin  for  he  later  wrote,  "...the  exceptionally  great  offset 
at  this  point  is  to  be  explained  as  the  result  of  a  horizontal 
shifting  of  the  surface  materials"  (Lawson,  1908,  p.  71). 
Here  the  fault  displayed  the  trench  phase  as  the  embank- 
ment of  Sir  Francis  Drake  Highway  settled  a  little  more 
than  1  meter  to  the  level  of  Bear  Valley  Creek  marsh.  The 
road  has  subsequently  been  rebuilt  and  straightened  so 
that  no  features  of  the  1906  displacement  area  are  visible 
today — except  to  the  eyes  of  the  faithful. 


INTERPRETIVE  PROGRAM 

The  Congressional  bill  creating  Point  Reyes  National 
Seashore  was  signed  into  law  by  President  John  F.  Kenne- 
dy on  September  13,  1962,  and  the  park  was  dedicated 
four  years  later  by  Mrs.  Lyndon  Johnson.  Today  the  Na- 
tional Seashore  encompasses  62,000  acres,  25,300  of 
which  have  recently  been  designated  as  Wilderness  area. 
This  park  is  immensely  popular  with  residents  of  the  San 


Francisco  Bay  area.  In  1976  nearly  a  million  and  a  half 
people  visited  the  park;  30,000  of  them  hiked  in  to  one  of 
the  park's  four  walk-in  campgrounds. 

Park  naturalists  at  Point  Reyes  National  Seashore  have 
recognized  the  unique  geology  of  this  region  and  the  im- 
portance of  interpreting  the  history  and  earthquake-gen- 
erating potential  of  the  San  Andreas  fault  for  residents  of 
the  Bay  Area.  In  1967,  a  self-guiding  earthquake  trail  was 
established  along  the  1906  trace  southeast  of  the  rebuilt 
Skinner  barn.  In  1972,  geology  students  from  Foothill 
College  were  asked  to  assist  park  naturalists  with  a  revi- 
sion of  the  trail  and  its  exhibits.  Subsequently  more  than 
1000  hours  of  labor  have  been  volunteered  to  the  park 
during  the  reconstruction  process.  The  new  Earthquake 
Trail  was  formally  dedicated  on  April  18,  1974  (Hall, 
1974),  and  in  September  1976  an  open  house  (Hall,  1976) 
marked  the  completion  of  all  twenty  exhibits  planned  for 
the  trail  (figure  9).  The  new  Earthquake  Trail  attempts 
to  explain  the  San  Andreas  fault  and  the  geology  of  Point 
Reyes  according  to  the  paradigm  of  plate  tectonics,  inter- 
prets some  well-preserved  features  of  the  1906  event,  de- 
scribes how  earthquakes  are  measured,  explores  some 
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ommon  myths  about  earthquakes,  and  shows  what 
>eople  can  do  to  minimize  injuries  and  property  losses 
luring  future  earthquakes. 

Although  the  unfortunate  cow  Gilbert  immortalized  in 
cientific  literature  died  at  the  Shafter  Ranch  a  kilometer 
o  the  southeast,  a  special  exhibit  along  the  Earthquake 
frail  commemorates  her  passing  (figure  10A,  B).  We 
incerely  hope  it  will  be  a  long  time  before  the  next  major 
hift  occurs  on  this  segment  of  the  San  Andreas,  for  it 
vould  require,  at  the  very  least,  the  revision  of  several  trail 


signs  and  the  replacement  of  numerous  bisected  blue  posts 
(figure  9). 
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blue  posts  indicate  the  location  of  the  san  andreas  fault 


igure  9.     Earthquake  Trail  at  Point  Reyes  National  Seashore. 
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Can  the  San  Andreas  Fault  swallow  cities?? 

...NO! 


The  faun  does  not  open  wide  enough 
to  swallow  cities 

but  it  might  have  opened  up  enough 
to  have  swallowed  a  cow 


this  does  not  happen,  but  this  does! 

Figure  10A.     Earthquake  Trail  sign  number  6.  The  text  of  this  sign  is  given  below: 


The  fault  does  not  open  wide  enough  to  swallow  cities. ..but  it  might 
have  opened  up  enough  to  have  swallowed  a  cow.  According  to  a 
local  legend,  an  unfortunate  cow  named  Matilda  was  found  buried 
in  the  fault  the  day  of  the  great  earthquake.  How  did  the  fault 
become  her  grave?  Here  are  two  versions  of  the  story    


The  Official  Report 

"In  this  connection  mention  may  be  made  of  the  fact  that  at  the 
Shaffer  Ranch  a  fault  crevice  was  momentarily  so  wide  as  to  admit 
a  cow,  which  fell  in  head  first  and  was  thus  entombed.  The  closure 
which  immediately  followed  left  only  the  tail  visible. ..at  the  time  of 
my  visit  the  tail  had  disappeared  being  eaten  by  dogs,  but  there  was 
abundant  testimony  to  substantiate  the  statement.  At  this  point  the 
fault-trace  was  a  trench  6  or  8  feet  wide,  and  the  general  level  of 
the  soil  blocks  within  it  was  1  or  2  feet  below  that  of  the  adjacent 
undisturbed  ground." 

Observations  by  G.K.  Gilbert,  U.S.  Geological  Survey  Geolo- 
gist, as  recorded  in  the  Report  of  the  State  Earthquake  Inves- 
tigation Commission,  (Lawson,  1908). 


A  Childhood  Memory... 

"In  all  events  there  sat  (my  cousin)  Payne  astride  his  horse  facing 
us,  his  hat  down  over  his  eyes,  and  Father  and  I  on  that  bench  (by 
the  red  bam) .  The  two  men  talked  briefly  and  then  for  no  reason 
I  can  remember  my  Father  said  to  Payne,  I  paraphrase,  'Payne,  why 
on  earth  did  you  tell  those  reporters  that  your  cow  was  swallowed 
up  by  the  crack  in  the  earth?'  To  which  Payne  replied,  I  again 
paraphrase,  'Look  Pax,  the  cow  had  died  and  we  had  to  bury  her. 


That  night  along  came  the  earthquake  which  opened  up  a  big  crack 
in  the  ground;  we  simply  dragged  the  carcass  over  to  the  crack  and 
tipped  it  in  with  the  feet  sticking  out.  Then  along  came  those  news- 
paper reporters  and  when  they  got  the  idea  that  the  cow  had  fallen 
in,  we  weren't  about  to  spoil  a  good  story.  Why  spoil  it  now?'  " 

Excerpt  from  a  letter  by  H.H.  Howard  (whose  family  used  to 
own  the  ranch  that  is  now  park  headquarters)  describing  a 
conversation  he  overheard  here  as  a  boy  in  1912. 


Figure  10B.     End  of  a  legend.... 
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VERTICAL  MOVEMENTS  AND  ASEISMIC 

HORIZONTAL  CREEP  ON  THE  SAN  ANDREAS  FAULT 

AT  SAN  JUAN  BAUTISTA#  CALIFORNIA 

by 
Arthur  G.  Sylvester1,  Alan  H.  Brown1,  and  Nancy  Riggs1 


ABSTRACT 

A  first-order,  first-class  level  line,  nearly  one  kilometer 
ong,  was  established  across  the  1 5-meter-high  scarp  of 
he  San  Andreas  fault  at  San  Juan  Bautista  in  September 
1975  to  determine  if  vertical  creep  is  occurring  concomi- 
antly  with  documented  horizontal  creep.  Nine  resurveys 
rom  October  1975  to  September  1979,  fail  to  show  verti- 
:al  movement  of  undoubted  tectonic  origin. 

INTRODUCTION 

The  central  San  Andreas  fault  between  San  Juan  Bautis- 
a  and  Cholame  is  characterized  by  continuous,  aseismic 
lorizontal  movement  (creep),  and  infrequent  small-mag- 
litude  earthquakes  (Allen,  1968;  Nason,  1971a,  b).  No 
>urficial  displacement  attributable  to  an  earthquake  has 
xcurred  north  of  San  Juan  Bautista  since  the  1906  San 
Francisco  earthquake,  and  similarly  no  surficial  displace- 
ment has  occurred  south  of  Cholame  since  the  great  Fort 
Tejon  earthquake  of  1857  (Nason,  1971a).  Horizontal 
:reep  was  first  discovered  at  the  Cienega  Winery  in  1956 
(Steinbrugge  and  Zacher,  1960).  Since  then,  extensive 
networks  of  creepmeters  and  alignment  arrays  have  been 
established  throughout  central  California  to  determine  the 
characteristics  of  horizontal  creep  (Nason,  1971b).  Trian- 
gulation  (Scholz  and  Fitch,  1969)  and  trilateration  (Sav- 
age and  Burford,  1973;  Savage  and  Prescott,  1974;  Savage, 
1975)  since  1930  and  1959,  respectively,  also  aid  in  the 
determination  of  horizontal  creep  and  strain  characteris- 
tics of  the  San  Andreas  fault. 

Documentation  of  horizontal  creep  has  shown  that  the 
amount  of  creep  is  variable  along  the  central  San  Andreas 
fault,  and  there  are  several  physical  manifestations  of  this 
movement.  Offset  fence  lines  and  survey  markers  indicate 
that  fault  creep  occurs  in  zones  from  one  to  10  m  wide. 
The  width  of  the  creep  zone  generally  coincides  with  the 
width  of  the  zone  of  fault  gouge  (Nason,  1971b).  Creepm- 
eter  measurements  also  show  that  creep  is  episodic  (Na- 
son and  others,  1974).  The  discrete  periods  of  increased 
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movement  are  termed  creep  events.  The  extensive  net- 
works of  continuously-recording  creepmeters  show  that 
creep  events  propagate  along  the  fault  with  velocities 
ranging  from  50  to  500  m  per  hour,  or  from  one  to  10  km 
per  day  (King  and  others,  1973). 

At  San  Juan  Bautista  the  fault  is  defined  by  a  prominent 
scarp  15  m  high,  upon  which  Mission  San  Juan  Bautista 
is  situated.  Nason  (1971b)  suggested  that  the  scarp  is  the 
result  of  differential  creep  because  prior  to  1975  the  creep 
rate  declined  from  an  average  of  12  mm  per  year  near 
creepmeter  XSJ2  3  km  southeast  of  the  town,  to  5  mm  per 
year  at  the  Nyland  Ranch  (SJN1)  1  km  northwest  of  the 
town  (figure  1).  The  creepmeter  history  since  1974  is 
given  in  Table  1 .  Nason  postulated  that  formation  of  the 
scarp  is  related  to  the  change  in  the  rate  of  fault  creep. 
Thus,  the  northwestward  decrease  in  creep  rate  from 
XSJ2  to  SJN1  results  in  crustal  shortening  and  uplift  of 
the  southwest  fault  block.  To  test  this  hypothesis,  we  es- 
tablished a  precision  level  line  across  the  San  Juan  Bautis- 
ta scarp  in  September  1975.  The  objective  was  to 
determine  whether  or  not  vertical  separation  is  taking 
place  and,  if  so,  at  what  rate. 

Table  1.  Creepmeter  data  for  Nyland  Ranch  (SJN1),  I  km 
northwest  of  San  Juan  Bautista  and XSJ2,  2  km  southeast  of  San 
Juan  Bautista  (R.O.  Burford,  U.S.  G.S.,  personal  communication, 
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Figure  1.     Index  map  showing  locations  of  UCSB  level  line,  U.S.G.S.  creepmeter  sites,  San  Andreas  fault  and  the  town  of  San  Juan  Bautista. 
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THE  SAN  JUAN  BAUTISTA 
LEVEL  LINE 

The  level  line  is  nearly  1  km  long,  trending  northeast- 
ward from  the  bedrock  hills  through  the  town,  and  thence 
icross  the  fault  scarp  into  an  irrigated  lettuce  field.  The 
lortheast  end  is  on  the  abutment  of  a  small  bridge  next  to 
in  irrigation  ditch  (figure  2) .  In  the  town,  monuments  are 
jrass  tablets  cemented  into  concrete  sidewalks  and  curbs; 
icross  the  fault  and  in  the  lettuce  field,  monuments  are 
;opper-jacketed  steel  weld  rods  driven  to  refusal.  In  all 
;ases,  several  rods  are  coupled  together  to  reach  a  solid 
rooting.  Rods  4,  5  and  6  each  penetrate  15  m  into  the 
ground.  Monuments  are  placed  no  more  than  40  m  apart 
with  a  minimum  of  1 1  m  of  separation.  A  shaded  Wild 
N-3  precision  tilting  level  and  Wild  invar  leveling  staves 
ire  used  for  the  surveys.  The  line  is  double-run  in  each 
survey.  Reproducibility  of  a  single  elevation  is  4-0.1  mm. 
Precision  for  the  entire  line  is  1  ppm. 


SURVEY  RESULTS  AND  DISCUSSION 

Ten  resurveys  have  been  done  since  the  line  was  estab- 
lished in  September  1975.  Nine  are  compared  with  the 
initial  survey  in  Figures  3  and  4.  Two  bench  marks  (Rods 
5  and  6)  were  added  in  the  October  1975  survey.  Rods  1, 
2,  and  3  were  not  surveyed  in  the  July  and  September  1977 
surveys. 

There  is  acceptable  agreement  among  all  the  surveys, 
particularly  in  the  center  of  the  line  where  elevation 
changes  are  only  a  millimeter  or  two.  Several  monuments 
at  the  southwest  end  of  the  line  show  anomalous  move- 
ments which  are  probably  attributable  to  instabilities  of 
curbs,  even  though  other  monuments  in  curbs  elsewhere 
in  the  line  are  not  similarly  affected.  Elevation  changes 
greater  than  can  be  attributable  to  surveying  error  took 
place  at  the  northeast  end  of  the  line,  northeast  of  the  fault 
scarp.  The  elevations  of  Rod  4  and  bench  mark  7328  at  the 
end  of  the  line  are  comparable  in  the  first  two  surveys 
(September  and  October  1975).  Rods  4,  5  and  6  and 
bench  mark  7328  were  uplifted  a  few  millimeters  in  the 
February  1976  survey,  then  they  decreased  uniformly  and 
progressively  from  5  to  15  mm  in  elevation  by  June  1976. 
The  elevation  decrease  spanned  a  horizontal  creep  event 
of  4.9  mm  which  was  registered  on  creepmeter  XSJ2 
between  May  15  and  19  (table  1).  The  October  1976  and 
February  1977  resurveys  show  that  no  significant  eleva- 
tion changes  took  place  from  June  1976  to  February  1977; 
this  agrees  qualitatively  with  the  creepmeters  which  show 
that  little  or  no  significant  horizontal  movement  has  taken 
place  during  that  time.  The  July  1977  and  subsequent 
surveys  show  that  Rods  4,  5  and  6  and  BM  7328  decreased 
in  elevation  from  10  to  25  mm,  corresponding  to  insignifi- 
cant and/or  gradual  creep  events. 

Three  possible  explanations  for  these  elevation  changes 
on  the  northeast  side  of  the  fault  are  subsidence  related  to 


withdrawal  of  groundwater  for  agriculture,  tectonic  aseis- 
mic  creep,  and  bench  mark  instabilities. 

We  have  no  information  on  groundwater  withdrawal 
rates  in  this  area  and  are  unable  to  evaluate  this  possibility 
rigorously  at  this  time.  However  we  regard  non-tectonic 
subsidence  as  the  most  probable  explanation  for  the  rather 
large  elevation  changes  northeast  of  the  fault  in  view  of  the 
relatively  substantial  lowering  of  the  water  table  that  has 
occurred  in  the  San  Juan  Bautista  area  in  recent  years 
(Wm.  Fly  and  T.L.  Holzer,  personal  communication, 
1979).  If  the  explanation  is  tectonic,  one  would  expect  an 
abrupt  elevation  change  to  occur  at  the  base  of  the  steep 
and  narrow  topographic  fault  scarp  rather  than  across  a 
broad  zone  on  one  side  of  the  fault,  simply  because  hori- 
zontal creep  takes  place  within  a  very  narrow  and  discrete 
zone  at  the  fault  trace  at  the  creepmeter  sites.  Thus  we 
regard  large  elevation  differences  across  the  fault,  such  as 
those  between  Rods  3  and  4  in  the  May  1978  and  February 
1979  surveys,  indicative  only  of  the  role  that  the  fault 
plays  as  a  boundary  for  subsidence. 

It  is  also  possible  that  the  magnitude  of  the  observed 
vertical  displacements  is  a  function  of  the  type  of  bench 
mark  and  the  nature  of  its  foundation,  as  Karcz  and  others 
(1976)  showed  in  an  analysis  of  leveling  data  from  New 
York,  Pennsylvania,  and  central  Israel.  They  found  that 
some  bench  marks,  such  as  metal  rods  and  those  anchored 
in  concrete,  are  less  stable  than  those  anchored  in  bedrock. 
Although  all  of  our  rods  were  driven  to  refusal,  only  Rods 
1,  2  and  3  are  believed  to  have  encountered  fairly  compe- 
tent rock,  judging  from  crushed  granitic  rock  in  a  roadcut 
exposure  into  the  fault  scarp  just  northwest  of  the  mission. 
On  the  other  hand,  several  bench  marks  anchored  in  con- 
crete curbs  show  exactly  the  range  of  elevation  variation 
typical  of  similar  bench  marks  in  the  studies  of  Karcz  and 
others  (1976) .  It  appears  that  they  are  affected  by  variable 
surficial  ground  conditions  (hydrothermic  effects  in  the 
terminology  of  Pevnev,  1967),  but  those  northeast  of  the 
fault  have  stabilized  since  June  1976. 

A  longer  history  of  observation  is  clearly  required  for 
a  rigorous  evaluation  of  observed  elevation  changes  and  to 
preclude  erroneous  tectonic  interpretations.  The  observa- 
tions to  date,  however,  are  sufficiently  interesting  to  war- 
rant continued  systematic  study  of  the  phenomenon, 
particularly  in  view  of  the  recent  models  and  observations 
which  indicate  that  anomalously  low  fault-creep  rates, 
such  as  that  shown  by  the  San  Juan  Bautista  creepmeters 
since  May  1976,  typically  precede  local  earthquakes  of 
magnitude  4  to  5  for  the  segment  of  the  San  Andreas  fault 
from  San  Juan  Bautista  to  Bear  Valley  (Burford,  1976). 
To  the  best  of  our  knowledge,  this  is  the  only  site  in 
California  where  frequent  leveling  is  being  combined  with 
continuously-recording  creepmeters,  permitting  docu- 
mentation of  a  fairly  detailed  time  history  of  local  crustal 
movement  near  a  fault  characterized  by  active  creep.  So 
far,  there  is  no  clear  evidence  that  undoubted  tectonic 
vertical  displacements  have  taken  place  here  concomitant- 
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Figure  2.     Locations  of  permanent  UCSB  leveling  monuments  in  San  Juan  Bautista.  Ball  symbol  on  relatively  downdropped  fault  block. 
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with  aseismic  horizontal  creep  from  September,  1975  to 
ibruary,  1979. 

A  resurvey  of  the  line  three  weeks  after  the  Coyote  Lake 
rthquake  of  9  August  1979  showed  no  variations  in  the 


pattern  of  elevation  changes  illustrated  in  Figures  3  and 
4.  Thus,  vertical  movement  did  not  take  place  on  this 
segment  of  the  San  Andreas  fault  simultaneously  with,  or 
as  a  result  of,  the  Coyote  Lake  earthquake. 
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GEODIMETER  MEASUREMENTS  OF  STRAIN  AND  SLIP 
ALONG  THE  NORTHERN  SAN  ANDREAS  FAULT  SYSTEM 

by 
John  H.  Bennett1 


ABSTRACT 

Periodic  Geodimeter  measurements  begun  in  1959  to 
,sess  rates  and  patterns  of  horizontal  movement  along 
ie  San  Andreas  fault  system,  are  being  continued  by  the 
alifornia  Division  of  Mines  and  Geology  and  the  U.S. 
eological  Survey.  These  data  have  clearly  indicated  right 
ateral  movement  at  a  rate  of  3-4  cm  per  year  occurring 
ong  a  100  km  segment  of  the  fault  in  the  central  Coast 
anges  from  near  Hollister  to  Parkfield.  North  and  south 
'  this  zone  these  data  show  temporal  variations  suggest- 
g  movements  of  a  more  complex  and  episodic  nature, 
irticularly  in  the  Hollister-San  Jose  region  where  the 
ult  system  is  more  complex  and  the  occurrence  of  mod- 
ate  earthquakes  is  relatively  common.  Beyond  the  tran- 
tional  zones,  north  of  the  San  Francisco  Bay  area  and 
>uth  of  the  Carrizo  Plains,  geodetic  evidence  of  lateral 
rain  accumulation  is  minimal,  suggesting  that  the  fault 
locked  to  some  considerable  depth. 

INTRODUCTION 

Precise  geodetic  distance  measurements  using  electro- 
nical ranging  instrumentation  (Geodimeter  and  Geodo- 
te)  have  been  conducted  along  the  San  Andreas  fault 
stem  since  1959.  Initiated  by  the  California  Department 
F  Water  Resources  (CDWR),  the  program  was  under- 
iken  to  assess  the  nature  of  horizontal  movements  occur- 
ng  along  major  faults  of  concern  in  the  design  of  State 
/ater  Project  facilities.  The  original  program  involved 
uasi-annual  remeasurements  of  a  network  of  approxi- 
lately  80  lines,  each  1 5-30  km  in  length,  extending  from 
ie  San  Francisco  Bay  area  to  Riverside  County  in  south- 
'n  California.  Measurements  were  conducted  by  CDWR 
ntil  1969,  when  completion  of  design  studies  and  funding 
mitations  of  the  Water  Project  resulted  in  transfer  of  the 
rogram  to  the  California  Division  of  Mines  and  Geology 
CDMG).  The  instrumentation,  procedures,  and  results 
btained  during  these  initial  years  were  summarized  in 
DWR  Bulletin  116-6  (1968).  The  program  has  since 
een  continued  at  a  reduced  level  as  a  part  of  CDMG's 
eologic  hazards  investigation. 


alifornia  Division  of  Mines  and  Geology,  Sacramenio,  CA 


Beginning  in  1969,  the  U.S.  Geological  Survey 
(U.S.G.S.)  also  became  involved  in  crustal  movement 
measurements  as  a  result  of  increased  federal  support  for 
earthquake  prediction  and  hazard  mitigation  studies. 
During  recent  years  both  agencies  have  cooperated  in  con- 
tinuing periodic  remeasurements  of  most  of  the  lines  in  the 
original  CDWR  network.  In  addition,  both  agencies  have 
significantly  extended  the  coverage  of  the  original  net- 
work to  provide  more  analytical  data  in  areas  of  particular 
interest  and  to  establish  measurements  along  other  major 
faults  throughout  California.  The  latter  include  many  new 
measurements  in  the  San  Francisco  Bay  region,  across  the 
central  Coast  Ranges  in  San  Luis  Obispo  County,  in  the 
Transverse  Ranges,  and  along  the  Garlock  fault  and  Ow- 
ens Valley-Sierra  Nevada  frontal  system,  and  extensive 
areal  coverage  of  the  Elsinore-San  Jacinto-San  Andreas 
fault  zones  in  Riverside  and  Imperial  Counties. 

MEASUREMENT  SYSTEMS  AND  PRECISION 

The  instruments  employed  for  these  measurements 
compare  the  phase  of  a  transmitted  modulated  light  beam 
with  that  of  the  returning  beam  reflected  from  a  set  of 
passive  retrodirective  prisms  at  the  other  end  of  the  line 
being  measured.  The  measured  distance  is  equal  to  a  spe- 
cific number  of  whole  modulation  wavelengths  plus  the 
precisely  determined  portion  of  a  wavelength  resulting 
from  the  time  delay  for  light  to  travel  from  the  instrument 
to  the  reflectors  and  return.  The  distance  is  derived  from 
the  known  modulation  frequencies  and  the  velocity  of 
light. 

Instrumental  accuracy  is  very  high,  no  more  than  a  few 
millimeters  for  any  of  the  three  different  instruments 
which  have  been  utilized  by  the  three  agencies  involved. 
High-precision  measurements  are,  however,  dependent 
upon  an  evaluation  of  the  index  of  refraction  along  the 
measured  path,  since  the  velocity  of  light  varies  as  a  func- 
tion of  temperature,  barometric  pressure,  and  relative  hu- 
midity. 

During  the  initial  ten  years,  while  measurements  were 
conducted  by  CDWR,  atmospheric  conditions  progres- 


99 


100 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  1) 


fc. 


,    VTrV----^ 


Figure  1.     Location  of  historic  and  quaternary  fault  displacement  in  California.  Area  outlined  indicates  segment  of  the  San  Andreas  fault  system  discussed 
this  article.  Base  map  modified  from  Jennings,  1975. 
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;ively  deteriorated  throughout  the  area  of  investigation 
iue  to  increasing  levels  of  air  pollution.  This  caused  in- 
leased  difficulty  in  conducting  measurements  and  it  was 
evident  that  improved  instrumentation  would  be  required 
or  the  program  to  be  efficiently  continued.  Fortunately 
:he  development  of  lasers  was  in  progress,  and  by  1969 
lew  instruments  utilizing  this  more  powerful  light  source 
were  commercially  available.  With  this  improved  laser 
nstrumentation,  measurements  could  now  be  made  dur- 
ng  daylight  (the  earlier  model  Geodimeter  in  use  by 
CDWR  was  limited  to  night-time  operation),  which 
nade  it  practical  to  utilize  an  aircraft  to  obtain  detailed 
meteorological  data  along  the  line  of  sight  while  the  meas- 
urement was  in  progress.  For  the  first  few  years  the 
CDWR  measurements  were  dependent  upon  meteorologi- 
:al  data  measured  at  the  ends  of  the  line  only;  later  these 
data  were  supplemented  by  mid-line  temperature  read- 
ings transmitted  from  instruments  suspended  from  a  teth- 
ered ballon. 

Since  mid-1969,  all  measurements  by  CDMG  and  the 
USGS  have  utilized  laser  instrumentation  and  refractivity 
data  obtained  by  airborne  meteorological  profiling.  Thus, 
the  precision  of  the  post- 1969  measurements  has  been 
significantly  improved  and  the  possibility  of  an  erroneous 
distance  resulting  from  non-representative  climatic  sam- 
pling has  been  virtually  eliminated. 

The  precision  of  the  CDWR  measurement  system  was 
generally  about  1  part  per  million  (ppm)  or  ±  2  cm  in 
a  typical  20-km  line.  The  two  systems  currently  employed 
achieve  a  precision  of  about  0.2  -  0.4  ppm,  reducing  the 
probable  error  of  a  length  measurement  to  a  few  millime- 
ters. There  is  evidence  indicating  a  possible  bias  between 
the  measurements  prior  and  subsequent  to  mid- 1969 
when  the  current  measurement  systems  were  introduced. 
This  difference  is  estimated  to  be  approximately  25  mm, 
with  the  post- 1969  measurements  being  longer.  Some 
lines,  particularly  in  the  southern  part  of  the  network, 
show  much  larger  differences  at  this  same  time.  Whether 
these  differences  have  geophysical  significance  or  repre- 
sent some  additional  obscure  bias  between  the  two  meas- 


urement systems  remains  unresolved  (Savage,  1975).  The 
CDMG  and  USGS  measurement  systems  have  been  deter- 
mined to  be  very  compatible.  This  was  further  substantiat- 
ed by  the  results  of  remeasurements  of  a  geodetic  network 
in  the  Napa  Valley  during  1976. 

In  1970,  the  City  of  Napa  and  the  National  Geodetic 
Survey  (NGS;  formerly  U.S.  Coast  and  Geodetic  Survey) 
cooperatively  established  a  horizontal  control  network 
spanning  the  lower  Napa  Valley.  Principal  lines  in  this 
network  were  measured  at  that  time  with  the  same  Geo- 
dimeter system  that  has  been  employed  by  CDMG.  Dur- 
ing February  1976,  CDMG  remeasured  these  lines  to 
determine  whether  any  displacements  indicative  of  possi- 
ble fault  activity  had  occurred  during  the  preceding  six- 
year  period.  To  provide  a  substantive  comparison  between 
the  CDMG  and  USGS  measurement  systems,  the  USGS 
observed  these  lines  shortly  thereafter.  The  results  of  the 
1970  measurements  and  the  two  sets  of  1976  measure- 
ments are  compared  in  Table  1. 

From  these  data  it  is  apparent  that:  (a)  no  systematic 
changes  indicative  of  fault  movement  or  strain  occurred 
during  the  6-year  period  between  the  two  surveys;  the 
largest  differences,  on  the  order  of  20  mm,  are  somewhat 
greater  than  might  be  expected  but  are  probably  attributa- 
ble to  system  improvements  made  over  the  years;  and  (b) 
the  results  of  the  two  sets  of  1976  measurements  by 
CDMG  and  the  USGS  are  in  remarkably  good  agreement, 
confirming  compatibility  of  these  somewhat  different  me- 
surement  systems;  the  average  difference  between  these 
two  data  sets  is  less  than  4  mm,  or  about  0.2  -  0.3  ppm 
of  the  average  line  length. 


FIGURES  AND  LINE-LENGTH  PLOTS 

Most  of  the  principal  lines  which  comprise  the  Geodim- 
eter network  along  the  northern  and  central  portion  of  the 
San  Andreas  fault  system  are  shown  in  Figures  2-6.  Plots 
of  changes  in  line  length  are  included  for  those  lines  hav- 
ing the  most  complete  or  representative  measurement  his- 


Table  1.  Comparison  of  1970  and  1976  measurements  of  principal  lines  in  the 
City  of  Napa  Geodetic  Network. 


CDMG 

City  of  Napa 

CDMG 

Diff. 

USGS 

Diff. 

Line 

Feb.   1970 

Feb.   1976 

1976-70 

Mar.   1976 

USGS-CDMG 

No. 

(Meters) 

(Meters) 

(mm) 

(Meters) 

(mm) 

362 

13,570.901 

13,570.886 

-15 

13,570.883 

-  3 

363 

16,077.900 

16,077  899 

-  1 

16,077.896 

-  3 

364 

9,534.119 

9,534.122 

+   3 

9,534.124 

+    2 

365 

23,505.920 

23,505.914 

-  6 

23,505.91 1 

-  3 

366 

18,936.057 

18,936.050 

-   7 

18,936.048 

-  2 

367 

16,648.364 

16,648.351 

-13 

16,648.351 

0 

368 

15,762.701 

15,762.690 

-11 

15,762.693 

+    3 

369 

12,006.522 

12,006.522 

0 

12,006.520 

-  2 

370 

19,165.042 

19,165.022 

-20 

19,165.032 

+  10 

371 

7,434.630 

7,434.619 

-11 

7,434.617 

-  2 

372 

14,378.691 

14,378.674 

-17 

14,378.679 

+    5 

373 

14,300.934 

14,300.939 

+   5 

14,300  938 

-   1 

374 

14,645.009 

14,644.988 

-21 

1 4,644.998 

+  10 
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tones.  Different  symbols  for  individual  measurements 
distinguish  between  measurements  made  by  CDWR  (  D  ) , 
CDMG  (  O  )  and  the  USGS  (  O  ) .  Epicenters  and  dates  of 
occurrence  of  all  earthquakes  with  magnitudes  equal  to  or 
greater  than  5  which  have  occurred  in  the  proximity  of 
network  lines  during  the  course  of  this  investigation  are 
indicated. 

RESULTS  OF  GEODIMETER  MEASUREMENTS 
1959-1978 

San  Francisco  Bay  Region 

Savage  and  Burford  (1973)  reviewed  all  the  available 
geodetic  data  in  this  region  including  the  Geodimeter 
measurements,  the  results  of  repeated  triangulation  sur- 
veys by  the  National  Geodetic  Survey  (NGS),  and  meas- 
urements of  fault  creep  (slip),  and  concluded  that  total 
right-lateral  motion  across  the  entire  Hayward-Calaveras 
-San  Andreas  fault  system  at  the  latitude  of  San  Jose  was 
about  38  mm  per  year  with  only  one-fourth  of  this  total 
movement  evidenced  across  the  San  Andreas  fault.  Total 
measured  surface  slip  across  the  entire  zone  at  this  latitude 
is  only  about  10  mm  per  year.  Whether  the  difference  is 
attributable  to  undetected  slip  on  the  major  intervening 
faults  or  is  indicative  of  regional  strain  accumulation  re- 
mains unclear.  It  is  noteworthy  that  this  estimate  of  total 
relative  movement  across  the  entire  40-km-wide  zone 
near  San  Jose  approximates  the  average  movement  rate 
observed  totally  as  fault  slip  occurring  across  the  relative- 
ly very  narrow  San  Andreas  fault  zone  south  of  Hollister. 

Thatcher  (1975)  concludes  from  an  analysis  of  historic 
NGS  triangulation  data  that  crustal  deformation  in  this 


region  since  the  1906  earthquake  could  be  attributed 
post-earthquake  effects  on  the  San  Andreas  fault  whi 
may  have  lasted  as  long  as  30  years,  followed  by  contir 
ing  strain  accumulation  during  more  recent  years.  Th« 
analyses  also  indicate  a  two-fold  decrease  in  strain  ra; 
occurring  between  San  Francisco  Bay  and  survey  areas 
the  North  Bay  between  Point  Reyes  and  Petaluma,  si 
gesting  that  the  San  Andreas  system  becomes  increasing 
locked  to  the  northwest. 

A  fully  satisfactory  analysis  of  the  strain  field  in  tl 
region  is  difficult  from  the  available  geodetic  measuii 
ments.  In  addition,  both  the  triangulation  data  and  t; 
Geodimeter  measurements  suggest  the  possibility  of  no- 
linear  movement  trends  that  are  not  accommodated  bj 
model  based  on  uniform  strain  accumulation.  Thus, 
may  be  that  crustal  movements  in  a  structurally  compl 
and  tectonically  active  area  such  as  the  San  Francisco  B 
region  occur  in  a  correspondingly  complex  and  possit 
episodic  manner  which  defies  determination  of  avera 
movement  rates  based  on  a  relatively  few  years  of  obsen 
tions. 

CDMG  initiated  Geodimeter  measurements  in  Sonor 
County  in  1970  to  assess  movement  on  major  faults  in  t 
North  Bay  area.  The  USGS  subsequently  augmented  ai 
connected  these  initial  measurements  to  a  network  esta 
lished  in  The  Geysers  geothermal  area.  In  1976,CDM< 
in  conjunction  with  reobservations  of  the  previously  d 
scribed  network  in  the  Napa  Valley,  added  new  lines  bo 
east  and  west  to  provide  a  base  for  future  assessment 
movements  occurring  across  the  entire  North  Bay  ar 
from  Point  Reyes  to  the  Sacramento  Valley  near  Vacavil 
-Winters  (figure  2). 


Figure  2.      Geodimeter  lines  in  the  north  San  Francisco  Bay  area  including  principal  lines  in  the  City  of  Napa's  control  network. 
The  network  at  Bodega  Bay  is  comprised  of  lines  1-2  km  in  length  spanning  the  San  Andreas  fault. 


980 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


103 


The  small-scale  (line  lengths  of  1-2  km)  geodetic  net- 
ork  at  Bodega  Bay  (figure  2)  was  established  by  CDWR 
i  1967  to  monitor  movements  on  the  San  Andreas  fault 
3rth  of  San  Francisco  Bay.  This  network  was  reobserved 
\j  the  NGS  in  1969  and  more  recently  by  the  U.S.G.S. 
ith  no  indication  of  fault  movement. 

The  numerous  repeated  measurements  of  Lines  1  and  3 
Tigure  3)  were  made  by  both  USGS  and  CDMG  over  a 
ve-month  period  at  the  time  of  the  Danville  earthquake 
varm  of  May-June  1970.  Initial  measurements  were 
iade  after  the  sequence  had  begun  but  two  weeks  prior 
i  the  largest  event  (Magnitude  4.2).  Savage  and  Kino- 
lita  (1971)  concluded  from  these  data  that  no  lateral 
ovement  greater  than  possible  measurement  error  ac- 
)mpanied  this  earthquake  sequence. 


Hollister  Region 

Repeat  measurements  of  the  polygon  comprised  of  lines 
7-23  (figure  5)  were  discussed  in  detail  by  Savage  and 
urford  (1971,  1973)  who  concluded  that  the  relative 
otion  derived  from  these  measurements  can  generally  be 
^counted  for  by  fault  slip  at  rates  of  approximately  1 5 
m/yr  and  10  mm/yr  on  the  Calaveras  and  San  Andreas 
ults,  respectively.  Prescott  and  Burford  (1976)  have  re- 
:ntly  determined  from  Geodolite  and  alignment  surveys 
iat  fault  creep  at  an  average  rate  of  3  mm/yr  is  occurring 
ong  the  seismically  active  Sargent  fault  which  is  also 
icompassed  by  this  figure. 

In  the  Hollister  region,  earlier  Geodimeter  measure- 
ents  by  CDWR  indicated  anomalous  length  changes 
hich  were  correlated  with  the  occurrence  of  local  earth- 
lakes  (CDWR,  1968).  More  recently,  the  results  of 
easurements  preceding  and  subsequent  to  the  October 
)72  San  Juan  Bautista  earthquake  (Magnitude  4.8)  and 
e  Bear  Valley  earthquakes  (Magnitude  5.1;  4.7;  4.7)  of 
sbruary  and  September  1972  have  been  analyzed  (Pre- 
ott  and  Savage,  1974).  Within  the  precision  of  measure- 
ent,  the  changes  in  line  length  were  consistent  with 
evious  trends  with  no  indication  of  anomalous  changes 
ther  preceding  or  accompanying  these  earthquakes. 

On  November  28,  1974,  a  magnitude  5.1  earthquake 
xurred  on  the  Busch  fault  about  10  km  northwest  of 
ollister,  within  the  area  encompassed  by  these  measure- 
ents.  Two  lines  in  the  area  had  been  observed  50  days 
'ior  to  this  earthquake  and  five  lines  just  two  days  prior, 
ivage  et  al.  (1976)  conclude  from  these  data  that  if  a 
"ecursive  anomaly  did  exist,  it  was  very  small  (less  than 
ppm  in  line  length).  Thus,  at  least  within  the  zone  of 
jasi-continuous  fault  slippage,  the  more  recent  measure- 
ents  indicate  that  earthquakes  of  magnitude  4.5  to  5  + 
:>  not  produce  measurable  displacements.  This  conclu- 
on  is  consistent  with  theoretical  models  of  such  earth- 
aakes  which  suggest  displacements  only  on  the  order  of 
m's.  The  possibility  that  precursive  changes  may  be 


more  evident  in  areas  not  experiencing  fault  slippage  or 
that  they  may  only  accompany  earthquakes  of  greater 
magnitude  remains  to  be  tested. 

Hollister  to  Middle  Mountain 

South  of  Hollister  to  Middle  Mountain  near  Parkfield, 
average  lateral  movement  derived  from  the  Geodimeter 
measurements  during  the  period  1960-70  was  approxi- 
mately 33  mm  per  year  (Savage  and  Burford,  1973). 
Measurements  since  1970  indicate  no  significant  depar- 
ture from  that  rate.  This  movement  rate  is  in  reasonable 
agreement  with  the  rate  of  fault  slip  observed  at  numerous 
locations  throughout  this  zone,  indicating  that  little,  if 
any,  regional  strain  accumulation  is  occurring. 

Assuming  that  the  San  Andreas  fault  constitutes  the 
boundary  between  the  North  American  and  Pacific  plates, 
the  observed  movement  rate  of  30-40  mm  per  year  would 
represent  total  relative  plate  motion.  Magnetic  anomalies 
in  the  Gulf  of  California,  however,  suggest  that  a  higher 
average  rate  of  50-60  mm  per  year  has  occurred  over  the 
past  several  million  years.  One  obvious  explanation  for 
this  difference  is  that  relative  motion  between  these  two 
plates  is  being  accommodated  over  a  much  broader  zone 
with  only  a  portion  of  the  total  motion  being  expressed  as 
slip  along  this  segment  of  the  San  Andreas  fault.  Alterna- 
tively, geodetic  surveys  have  indicated  that  patterns  and 
rates  of  movement  may  vary  significantly  over  a  few  years 
or  decades.  Thus,  long-term  average  movement  rates  may 
derive  from  innumerable  periods  when  plate  motion  and 
seismicity  have  varied  appreciably  from  those  currently 
being  observed. 

Middle  Mountain-Carrizo  Plains 

Since  1970,  CDMG  has  added  numerous  new  lines  to 
provide  more  analytical  data  along  this  segment  of  the  San 
Andreas  fault.  In  addition,  more  frequent  measurements 
(2  or  more  per  year)  have  been  made  of  selected  lines.  The 
northernmost  40  km  of  this  fault  segment,  from  Middle 
Mountain  north  of  Parkfield  through  Cholame  Valley,  has 
been  of  particular  interest  for  earthquake  and  related  crus- 
tal  movement  investigations  for  many  years  because  of  the 
recurrence  of  moderate  earthquakes  (Magnitude  5-6), 
the  relatively  simple  fault  geometry,  and  the  rapid  north- 
to-south  decrease  in  both  seismic  activity  and  fault  slip 
that  occurs  (Bacon  et  al.    1975). 

These  characteristics  led  CDWR  to  establish  a  geodetic 
figure  spanning  Cholame  Valley  in  1965,  just  prior  to  the 
June  1966  Parkfield  earthquakes  (Magnitude  5.5, 5.1, 50). 
The  post-earthquake  remeasurements  of  this  figure  clear- 
ly defined  the  200  mm  lateral  displacement  which  accom- 
panied these  events.  Significant  changes  in  line  lengths 
were  also  observed  on  some  lines  in  this  area  in  1970. 
These  length  changes,  believed  to  exceed  any  possible  bias 
introduced  by  the  change  in  measurement  systems  in 
1969,  were  interpreted  as  indicating  either  the  onset  of 
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Figure  3.  Location  map  and  plots  of  line  length  changes  of 
Geodimeter  lines  along  the  Hayward-Calaveras  faults  east 
and  south  of  San  Francisco  Bay. 
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Figure  4.        Location  map  and  plots  of  line  length  changes  of  Geodimeter  lines 
along  the  San  Andreas  fault  from  the  San  Francisco  Peninsula  to  near  Hollister. 
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Figure  5.  Location  map  and  plots  of  line  length 
changes  of  Geodimeter  lines  along  the  San  An- 
dreas fault  system  from  the  Hollister  area  to  Mid- 
dle Mountain  near  Parkfield. 
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Figure  6.  Location  map  and  plots  of  line  length  changes 
of  Geodimeter  lines  along  the  San  Andreas  fault  in  the 
central  Coast  Ranges  from  Middle  Mountain  near  Park- 
field  to  the  Carrizo  Plains.  The  network  of  lines  westerly 
of  the  San  Andreas  fault  were  established  and  initial 
measurements  made  by  CDMG  during  1974-75. 
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significant  east-west  extension  or  possible  strain  migra- 
tion resulting  from  the  1966  earthquakes. 

In  the  vicinity  of  Parkfield,  total  right-lateral  motion  of 
over  one-half  meter  has  occurred  since  measurements 
were  begun  in  1959.  This  total  represents  the  combined 
effects  of  fault  slip  at  a  rate  of  1 5-20  mm  per  year,  the  200 
mm  accompaning  the  1966  Parkfield  earthquakes,  and 
presumably,  a  minor  component  of  lateral  strain.  Further 
south  toward  the  Carrizo  Plains,  total  change  in  line 
lengths,  presumed  to  be  principally  strain,  decrease  rapid- 
ly to  a  few  centimeters  during  the  same  20-year  period. 
Thus,  a  dramatic  change  in  movement  rate  occurs  over 
this  relatively  short  segment  of  the  fault.  In  addition,  some 
lines  in  this  area  (note  lines  35  and  263)  have  unaccounta- 
bly shown  large  changes  over  periods  of  months  in  marked 
contrast  with  the  behavior  of  adjacent  lines  observed  at  the 
same  times  (Greensfelder  and  Bennett,  1973). 

To  determine  whether  strain  associated  with  this  transi- 
tion zone  is  in  evidence  over  a  broader  zone  or  is  possibly 
producing  motion  along  major  subparallel  faults,  a  net- 
work of  new  lines  was  added  by  CDMG  in  1974  to  form 
a  trilaterated  network  extending  west  from  the  San  An- 
dreas fault  near  Cholame  Valley  to  the  coast  (figure  6). 
The  first  remeasurements  of  these  lines  were  completed  in 
March  1975  and  additional  lines  were  added  to  complete 
the  network  near  Morro  and  Estero  Bays  at  the  same  time. 
The  new  measurements  span  the  same  general  area  trav- 
ersed by  an  NGS  triangulation  arc  established  during  the 
1930's.  Analysis  of  the  earlier  observations  of  this  arc 
(Burford,  1967)  revealed  significant  displacements  as- 
sociated with  the  major  northwest-trending  sub-parallel 
faults  which  transect  this  region. 

SUMMARY 

Geodimeter  measurements  conducted  over  the  past 
twenty  years  confirm  an  apparent  rate  of  plate  motion 
along  the  San  Andreas  fault  in  central  California  of  3CM-0 
mm  per  year.  This  rate  closely  approximates  measure- 


ments of  fault  slip  indicating  little  or  no  strain  accumul; 
tion  along  this  100-km  segment  of  the  fault  (vicinity  c 
Hollister  to  Middle  Mountain).  This  rate  is  significant! 
less  than  the  rate  of  50-60  mm  per  year  derived  from  otlu 
evidence,  suggesting  that  either:  (a)  the  San  Andreas  fau 
may  be  accommodating  only  a  portion  of  the  total  plat 
motion  taking  place  over  a  much  broader  zone,  or  (t 
short-term  movement  rates  may  vary  appreciably  wit 
time  and  thus  depart  significantly  from  the  long-terr 
average. 

Geodetic  measurements  in  the  San  Francisco  Bay  re! 
gion  north  of  the  zone  of  surface  slip  are  generally  inadc 
quate  at  this  time  to  permit  a  satisfactory  analysis  of  th 
patterns  and  rates  of  strain  accumulation  on  a  regiona 
basis.  While  analyses  of  the  available  data  tend  to  sugges 
rather  uniform  strain  accumulation  occurring  over  th. 
entire  region;  both  the  data  and  time  frame  are  limited  anc 
future  measurements  may  well  determine  that  deforma 
tion  in  this  geologically  complex  region  occurs  in  a  man 
ner  which  is  correspondingly  diverse. 

At  this  time  evidence  of  significant  lateral  strain  ac 
cumulation  north  of  San  Francisco  Bay  is  generally  lack 
ing,  as  it  is  along  the  fault  system  south  of  the  Carrizc 
Plains.  This  implies  that  both  of  these  segments  of  tht 
fault  are  locked  to  considerable  depth.  Accordingly,  surfi 
cial  evidence  of  strain  is  very  small  or  totally  absent  withir 
the  generally  limited  breadth  of  the  available  surveys.  Tc 
estimate  the  depth  of  these  locked  zones  and  assess  rates 
of  strain  accumulation,  geodetic  measurements  extending 
100  km  or  more,  normal  to  the  fault,  may  be  required 
Radio  interferometry  techniques  employing  extragalectic 
radio  sources  promise  a  capability  to  accomplish  these 
large-scale,  high-precision  measurements  of  crustal  de- 
formation in  the  near  future. 
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A  PALEOMAGNETIC  STUDY  IN  THE  CALAVERAS  FAULT  ZONE 


by 
Kenneth  L.  Verosub1 


ABSTRACT 

Paleomagnetic  samples  from  a  trench  across  a  strand  of 
he  Calaveras  fault  demonstrate  three  possible  areas  in 
vhich  paleomagnetic  sampling  of  fine-grained  sediments 
nay  provide  information  useful  in  locating  and  character- 
zing  active  faults.  In  the  first  place,  the  fault  is  shown  to 
epresent  not  only  a  boundary  between  lithologies  but  also 
i  boundary  between  materials  with  different  magnetic 
>roperties.  Secondly,  within  a  given  lithology  there  are 
letectable  vertical  variations  in  the  directions  of  the  mag- 
letization  of  the  sediments.  Correlation  of  these  magnetic 
eatures  across  a  fault  can  provide  a  measurement  of  the 
imount  and  rate  of  vertical  offset.  Thirdly,  the  pattern  of 
lirections  of  samples  taken  within  the  fault  may  provide 
i  means  of  determining  the  sense  of  motion  on  the  fault, 
rhe  results  of  this  preliminary  study  are  sufficiently  pro- 
nising  to  warrant  additional  work. 


INTRODUCTION 

In  recent  years  careful  investigations  of  active  or  poten- 
ially  active  faults  have  depended  on  the  detailed  mapping 
>f  geologic  units  exposed  in  the  walls  of  trenches  cut 
icross  those  faults.  This  technique  is  most  successful  when 
he  trench  exposes  a  variety  of  lithologies  or  soil  types.  In 
;uch  a  case  the  presence  or  absence  of  offsets  of  lithology 
:an  be  used  to  infer  the  presence  or  absence  of  faulting. 
When  offset  lithologies  are  present  and  datable,  it  is  possi- 
ble to  determine  the  rate  of  offset  on  the.  fault  as  well  as 
:he  recurrence  interval  for  large  earthquakes  (Clark  et  al., 
1972). 

The  usefulness  of  this  method  is  reduced  considerably 
if  the  trench  exposes  uniform  fine-grained  material  in 
which  the  presence  or  absence  of  offsets  can  not  be  easily 
discerned.  It  is  the  purpose  of  this  paper  to  suggest  that 
in  such  a  situation  a  paleomagnetic  study  of  samples  taken 
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from  the  uniform  lithology  may  provide  a  means  of  deal- 
ing with  this  problem.  In  fact,  there  are  at  least  three 
specific  questions  to  which  paleomagnetism  may  be  able 
to  provide  an  answer:  location  of  the  fault  plane,  determi- 
nation of  the  amount  of  offset,  and  determination  of  the 
sense  of  motion  on  the  fault. 

These  three  applications  will  be  illustrated  with  exam- 
ples from  a  trench  known  to  contain  an  active  fault.  The 
trench  in  question  was  opened  across  a  strand  of  the  Cala- 
veras fault  by  the  United  States  Geological  Survey  in  the 
Fall  of  1975  at  a  site  north  of  Hollister.  Detailed  mapping 
of  the  units  exposed  in  the  trench  was  conducted  by  M.G. 
Bonilla  and  D.  Herd  of  the  U.S.  Geological  Survey,  and 
the  results  will  be  reported  by  them.  In  the  present  study 
a  generalized  schematic  representation  of  the  south  wall 
of  the  trench  is  sufficient  (figure  1 ) .  On  the  east  side  of 
the  trench  the  main  lithologies  exposed  were  a  buff  sandy 
silt  overlying  a  grey  clayey  silt  with  a  small  black  clay 
layer  in  between.  The  apparent  dip  of  the  contact  between 
the  units  was  about  12°.  The  strand  of  the  Calaveras  fault 
which  was  crossed  by  the  trench  juxtaposed  the  buff  sandy 
silt  unit  against  the  grey  clayey  silt.  The  fault  plane  itself 
was  marked  by  a  narrow  gouge  zone  of  the  black  clay. 

Although  offset  lithologies  are  clearly  exposed  in  the 
trench,  the  goal  of  the  paleomagnetic  study  reported  here 
is  to  demonstrate  what  information  could  have  been 
recovered  paleomagnetically  if  only  uniform  fine-grained 
material  were  present. 

PALEOMAGNETIC  PROCEDURES 

A  total  of  22  paleomagnetic  samples  were  obtained 
from  the  trench.  Fifteen  of  the  samples  were  from  the  five 
horizons  designated  A  through  E  in  Figure  1 .  Within  each 
horizon  the  samples  were  separated  by  1 5  to  20  cm.  Hori- 
zons A  and  B  were  10  cm  apart.  Horizons  C,  D  and  E  were 
30  cm  apart.  Horizon  C  was  at  the  same  stratigraphic  level 
as  horizon  A  with  respect  to  the  12°  apparent  dip.  An 
additional  7  samples  were  located  in  the  gouged  clay  of  the 
fault  as  shown  in  Figure  1. 


Ill 


112 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR    0 


L 


INCLINATION 
OR 

DECLINATION 
■i 1 1  — 


INCLINATION 

OR 
DECLINATION 
~l 1 1" 


T  OFFSET 


OFFSET 


OFFSET 


PALEOMAGNETIC    DETERMINATION  OF  FAULT  OFFSET 


Figure  1.      Schematic  representation  of  the  south  wall  of  a  trench  across  the  Calaveras  fault. 
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Each  sample  was  a  cylinder  of  sediment  2.5  cm  long  and 
.5  cm  in  diameter  obtained  by  forcing  a  thin  brass  tube 
nto  the  wall  of  the  trench.  Before  the  tube  and  its  sample 
vere  removed  from  the  wall,  the  full  orientation  of  the 
ample  was  determined  using  a  Brunton  compass  and  a 
mall  orienting  platform  attached  to  the  brass  tube.  With 
his  information,  the  components  of  the  magnetization  of 
he  sample  measured  in  the  laboratory  could  be  converted 
o  the  components  of  the  magnetization  of  the  sample  in 
ts  original  orientation.  These  components  are  most  con- 
eniently  expressed  as  inclination,  declination  and  inten- 
ity  of  magnetization  of  the  -sample.  Each  sample  was 
ubjected  to  the  standard  paleomagnetic  technique  of  step- 
vise  alternating  field  demagnetization.  At  each  stage  in 
his  procedure  the  sample  was  exposed  to  an  alternating 
nagnetic  field  which  began  at  some  peak  field  strength 
nd  decayed  uniformly  to  zero.  This  treatment  served  to 
andomize  the  directions  of  all  magnetic  carriers  which 
lad  coercive  forces  less  than  that  of  the  peak  applied  field. 
Vfter  each  demagnetization  step,  the  remaining  magneti- 
:ation  of  the  sample  was  measured.  Successive  demagneti- 
ations  began  at  progressively  higher  peak  fields.  The 
•ffect  of  this  procedure  was  to  eliminate  the  magnetization 
)f  the  weakest  magnetic  components  and  to  obtain  the 
table,  presumably  original  magnetization.  Each  demag- 
letization  step  produced  a  new  set  of  declination,  inclina- 
ion  and  intensity.  The  values  of  these  parameters  at  each 
lemagnetization  level  as  well  as  the  changes  between  lev- 
:1s  constitute  the  magnetic  properties  of  the  sample. 


LOCATION  OF  THE  FAULT  PLANE 

Several  criteria  can  be  used  to  compare  samples  from 
le  east  side  of  the  trench  with  those  from  the  west  side, 
igure  2  shows  the  variation  in  intensity  among  samples 
•om  Horizons  A  through  E  at  different  stages  of  the 
emagnetization  process.  Samples  from  the  east  side  of  the 
ench  differ  in  intensity  by  a  full  order  of  magnitude  from 
lose  on  the  west.  In  the  absence  of  any  other  information, 
amples  from  opposite  sides  of  the  fault  can  be  distin- 
uished  on  the  basis  of  their  magnetic  intensity.  The  same 
iscrimination  can  also  be  made  on  the  basis  of  the 
hanges  of  direction  with  demagnetization.  Stereographic 
rejections  of  these  changes  are  plotted  in  Figure  3.  Sarn- 
ies from  the  east  side  of  the  trench  show  large  changes 
i  inclination  upon  demagnetization.  In  addition,  there  is 
onsiderable  scatter  in  the  directions.  This  behavior  is 
haracteristic  of  relatively  unstably  magnetized  material. 
n  contrast,  samples  from  the  west  side  are  tightly  clus- 
ered  in  direction  and  show  little  change  in  direction  upon 
lemagnetization,  implying  that  the  magnetization  is  much 
nore  stable. 

Thus  the  fault,  in  addition  to  juxtaposing  the  buff  sandy 
ilt  on  the  west  against  the  grey  clayey  silt  on  the  east,  also 
uxtaposes  a  strongly  and  stably  magnetized  material  on 
he  west  with  a  weakly  and  less  stably  magnetized  material 


on  the  east.  The  fault  represents  a  magnetic  boundary  as 
well  as  a  lithologic  boundary.  In  this  case  these  two  facts 
may  not  be  unrelated;  the  differences  in  magnetic  proper- 
ties may  well  arise  from  differences  in  lithology.  However 
for  the  hypothetical  situation  under  consideration,  namely 
that  of  a  uniform,  fine-grained  sediment,  it  does  not  neces- 
sarily follow  that  there  will  be  no  variation  in  magnetic 
properties  across  a  fault.  This  situation  arises  because  the 
magnetic  properties  of  a  sediment  are  determined  by  the 
very  small  fraction  of  very  fine-grained  detrital  magnetic 
material  (Stacey  and  Banerjee,  1974).  The  nature  of  this 
component  can  be  altered  by  subtle  changes  in  such  fac- 
tors as  the  rate  or  degree  of  weathering  or  the  nature  of 
a  portion  of  the  source  of  the  detritus.  These  changes  can 
be  small  enough  so  as  not  to  affect  the  gross  lithology. 
Thus  faulting  within  a  uniform,  fine-grained  material 
could  lead  to  the  juxtaposition  of  materials  with  different 
magnetic  properties. 


DETERMINATION  OF  THE  AMOUNT 
OF  OFFSET 

Closer  examination  of  samples  from  Horizons  C,  D, 
and  E  demonstrates  how  paleomagnetism  can  provide  in- 
formation on  the  amount  and  rate  of  offset  across  a  fault. 
From  the  demagnetization  procedure  described  above,  a 
demagnetization  field  of  100  oersteds  was  found  to  be 
sufficient  to  recover  the  original  direction  of  magnetiza- 
tion. In  Figure  4,  the  inclination  and  declination  of  each 
sample  from  the  west  side  are  shown  along  with  the  mean 
inclination  and  declination  for  each  horizon.  Even  over 
the  30  cm  distance  between  horizons,  there  is  considerable 
structure  in  the  inclination  and  declination  records.  This 
structure  arises  from  several  sources.  Much  of  it  repre- 
sents secular  variation  of  the  earth's  magnetic  field  record- 
ed in  the  sediments.  Some  portion  of  it  represents  errors 
in  the  magnetization  process  itself  (Verosub,  1977). 
Whatever  the  cause,  there  are  variations  in  the  magnetic 
directions  recorded  as  the  sediments  are  deposited.  Mo- 
tion along  a  fault  through  these  sediments  could  produce 
repeated  small  vertical  offsets.  In  a  typical  lacustrine  envi- 
ronment these  small  scarps  would  be  quickly  smoothed 
out  due  to  the  dynamics  of  the  sedimentation  process.  The 
net  effect  of  motion  on  the  fault  would  be  to  stretch  out 
the  paleomagnetic  record  on  one  side  of  the  fault  with 
respect  to  that  on  the  other  side.  Comparison  of  the  two 
records  would  permit  determination  of  the  amount  of  off- 
set of  specific  magnetic  features  as  shown  in  Figure  5.  In 
place  of  offset  lithologies,  the  offset  of  magnetic  stratigra- 
phy could  be  used  to  determine  the  amount  of  fault  move- 
ment. If,  in  addition,  the  rate  of  sedimentation  were 
known  from  radiocarbon  dating,  or  if  the  secular  variation 
curve  for  the  area  had  been  determined,  then  the  rate  of 
vertical  offset  on  the  fault  could  be  determined  from  the 
relative  ages  of  magnetic  features  in  complete  analogy  to 
the  method  now  used  when  different  lithologies  are  ex- 
posed in  a  trench. 
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Figure  4.     Inclination  and  declination  of  samples  from  the  west  side  of  the  trench  after  demagnetization  to  100  oersteds.  The  average 
value  is  computed  by  assuming  each  sample  represents  a  unit  vector. 
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EFFECT  OF  DEMAGNETIZATION  ON  INTENSITY 
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(C.D.E) 
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we  5.     Hypothetical  effect  of  repeated  small  vertical  offsets  on  the  paleomagnetic  record  of  a  sediment.  Correlation  of  magnetic  features  provides  o  measure 
the  amount  of  fault  movement. 
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DETERMINATION  OF  THE 
SENSE  OF  MOTION 

In  the  previous  section  the  possibility  has  been  dis- 
ussed  of  using  paleomagnetic  measurements  to  determine 
ates  of  vertical  offset.  For  many  fault  systems,  particular- 
y  the  San  Andreas,  the  horizontal  offset  is  of  greater 
nportance  then  the  vertical  offset.  If  a  clear,  consistent 
et  of  slickensides  can  be  found  in  the  fault  plane,  then  the 
lorizontal  offset  can  be  related  to  the  vertical  offset 
Clark  et  al.,  1972).  In  the  case  of  fine-grained  material, 
specially  silt,  the  slickensides  may  be  difficult  to  observe, 
'his  problem  raises  the  question  of  whether  there  is  an 
nalogy  to  slickensides  which  is  recorded  in  the  magnet- 
>m  of  samples  taken  within  the  fault  itself.  At  the  present 
ime  very  few  experiments  have  been  done  concerning  the 
ffect  of  shear  on  the  paleomagnetism  of  sediments 
Kodama  and  Cox,  1976).  A  simple  model  based  on  the 
notion  of  spherical  magnetic  carriers  would  suggest  that 
ny  shear  would  have  the  effect  of  rotating  the  magnetic 
ector  through  some  angle  which  was  related  to  the  orien- 
ation  of  the  fault  plane,  the  original  orientation  of  the 
nagnetic  vector,  and  the  amount  of  shear.  For  a  suite  of 
amples  taken  in  the  fault  itself,  this  effect  might  produce 

streak  or  smear  in  the  magnetic  directions.  Such  a  pat- 
era is  not  inconsistent  with  the  results  of  measurements 
m  the  seven  samples  taken  within  the  fault.  As  shown  in 


Figure  6,  at  each  level  of  demagnetization  the  array  of 
directions  is  suggestive  of  a  smear  or  streak.  At  some  time 
in  the  future  it  may  be  possible  to  analyze  data  such  as  that 
in  Figure  6  and  to  extract  information  about  the  direction 
of  motion  on  the  fault. 

SUMMARY 

The  work  reported  here  represents  an  initial  attempt  to 
examine  the  feasibility  of  using  paleomagnetism  in  the 
study  of  active  faults.  Three  possible  applications  have 
been  considered:  location  of  the  fault,  determination  of  the 
amount  of  offset,  and  determination  of  the  sense  of  move- 
ment. In  each  case  it  has  been  shown  that  under  the  proper 
circumstances  the  paleomagnetic  analysis  of  samples  from 
a  fault  zone  may  provide  useful  information  which  may 
not  be  obtainable  by  other  techniques.  Clearly  the  work 
reported  here  is  in  a  preliminary  stage.  As  additional  op- 
portunities arise,  an  attempt  will  be  made  to  further  de- 
velop the  approach  taken  in  this  study. 
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AEROMAGNETIC  INTERPRETATION  OF  THE 
MENDOCINO  TRIPLE  JUNCTION 


by 
Andrew  Griscom1 


ABSTRACT 

A  discussion  of  topographic,  magnetic,  gravity,  seismic 
^flection,  and  epicenter  data  from  the  Mendocino  Ridge 
oncludes  that  the  Mendocino  fault  lies  on  the  south  side 
f  the  Ridge.  The  source  of  the  associated  magnetic  anom- 
ly  is  most  likely  a  mafic  igneous  intrusion  within  the 
Lidge.  East  of  the  Ridge,  the  eastward  continuation  of  the 
lagnetic  anomaly  crosses  obliquely  to  the  south  side  of 
le  Mendocino  fault,  crosses  the  San  Andreas  fault,  and 
xtends  at  least  10  km  (kilometers)  inland  from  the  shore- 
ne.  Depth  calculations  on  the  anomaly  indicate  that  the 
ource  becomes  progressively  deeper  eastward,  attaining 
epths  of  8  km  below  sea  level  at  the  shoreline.  These 
epths  are  appropriate  for  the  eastward-subducting  Juan 
e  Fuca  plate.  East  of  the  Mendocino  Ridge  the  source  of 
he  anomaly  has  been  diagonally  thrust  beneath  the  Gorda 
Escarpment  (Pacific  plate)  for  a  maximum  southward 
omponent  of  about  10  km,  and  is  also  thrust  a  much 
;reater  distance  eastward  beneath  the  North  American 
>late.  Thus,  it  lies  beneath  the  surface  traces  of  both  the 
Mendocino  and  the  San  Andreas  faults. 

Oceanic  magnetic  anomalies  north  of  the  Mendocino 
lidge  are  being  subducted  eastward  beneath  the  North 
American  plate  and  can  be  observed  through  the  plate  as 
ar  as  70  km  east  of  the  presumed  trace  of  the  subduction 
:one.  The  subduction  zone  dips  about  4°  east  over  the  first 
18  km. 


INTRODUCTION 

This  report  discusses  magnetic  anomalies  near  the  Men- 
locino  triple  junction  (figure  1)  where  the  Pacific,  North 
American,  and  Juan  de  Fuca  plates  meet.  The  three  plate 
>oundaries  that  meet  at  this  junction  are  two  right-lateral 
ransform  faults  (the  San  Andreas  and  Mendocino  faults) 
md  an  east-dipping  subduction  zone  that  extends  north 
ilong  the  continental  margin.  The  tectonics  of  the  junc- 
ion  have  previously  been  discussed  by  Atwater  (1970) 
ind  Silver  (1971a,  1971b). 

The  oceanic  linear  magnetic  anomalies  in  this  region 
•vere  described  first  by  Mason  and  Raff  (1961)  and  Raff 
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and  Mason  (1961).  The  anomalies  were  labeled  by  Atwa- 
ter and  Menard  (1970)  according  to  the  numbering  sys- 
tem of  Heirtzler  and  others  (1968).  This  system  is  used 
in  Figure  1.  Emilia  and  others  (1968)  published  magnetic 
maps  from  a  marine  survey  covering  a  portion  of  the 
continental  shelf  east  of  the  oceanic  surveys  of  Raff  and 
Mason  (1961)  and  having  an  estimated  average  track 
location  error  of  about  2  km  (the  error  is  larger  at  the 
western  edge  of  the  survey)  and  a  track  spacing  of  about 
16  km.  Additional  contoured  data  south  of  latitude  40°N 
were  published  by  the  National  Oceanic  and  Atmospheric 
Administration  (1971)  and  are  incorporated  into  Figure 
1. 

The  new  data  of  this  report  are  from  an  aeromagnetic 
survey,  being  analyzed  by  Griscom,  Blake,  and  Zietz, 
which  was  flown  by  the  U.S.  Naval  Oceanographic  Office 
at  a  barometric  altitude  of  2900  m  (9500  feet)  on 
northeast-southwest  lines  8  km  apart.  Locations  of  flight 
lines  are  accurate  to  about  1  km  where  they  cross  the 
shore,  but  may  be  in  error  by  as  much  as  4  km  at  the  west 
border  of  the  survey.  An  east-west  tie  line  near  latitude 
41°N  confirms  the  position  of  anomaly  4  (figures  1  and  2). 

MENDOCINO  RIDGE  MAGNETIC  ANOMALY 

The  Mendocino  Ridge  extends  east  (figure  3)  from 
longitude  129°W  to  about  126°W.  The  south  side  of  the 
Mendocino  Ridge  is  termed  the  Mendocino  Escarpment 
and  gains  its  height  from  the  fact  that  the  ocean  floor 
north  of  the  Ridge  is  typically  about  600  fm  (fathoms) 
(1200  m)  higher  than  the  ocean  floor  south  of  the  Ridge. 
At  longitude  126°W  the  Ridge  passes  into  a  low  saddle 
that  joins  a  ridge,  with  slight  change  in  trend,  at  the  north- 
west corner  of  a  wider  area  of  continental  shelf  and  slope 
outlined  by  the  1500  fm  (3000  m)  contour  in  Figure  1. 
The  north-facing  cliff  marking  the  northern  limit  of  this 
shelf-and-slope  area  is  called  the  Gorda  Escarpment,  at 
the  base  of  which  lies  the  eastward  extension  of  the  Men- 
docino fault,  as  shown  by  seismic  reflection  profiles  (Sil- 
ver, 1971b)  and  by  the  topographic  scarp. 

There  is  no  general  agreement  on  the  location  of  the 
Mendocino  fault  relative  to  the  Mendocino  Ridge.  Silver 
(1971b,  figure  16)  placed  the  fault  north  of  the  Ridge, 
while  Vogt  and  Johnson  (1975)  implicitly  took  it  to  be 
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Figure  1.     Magnetic  lineament  map  for  the  vicinity  of  the  Mendocino  triple  junction.  Data  from  sources  listed  in  introduction;  faults  from  Silver  (1971b)  c 
Griscom  (1973a);  anomaly  numbers  from  Atwater  and  Menard  (1970). 


south  of  the  Ridge  by  associating  the  Ridge  with  the  Gor- 
da  Rise  spreading  center.  Various  geophysical  data  col- 
lected near  the  Ridge  are  described  below,  and  then 
summarized,  to  explain  the  writer's  belief  that  the  fault 
lies  south  of  the  Ridge. 

A  model  across  the  Mendocino  Ridge  at  longitude 
127°30'W,  deduced  by  Dehlinger  and  others  (1967)  from 
gravity  and  seismic-refraction  data,  indicates  that  the 
Ridge  either  has  a  core  of  uplifted  "basaltic"  layer  (Deh- 
linger and  others,  1967,  figure  6)  with  a  density  of  2.9 
g/cm\  or  that  it  is  underlain  by  a  ridge  in  the  mantle 
(Dehlinger  and  others,  1967,  p.  1239).  In  addition,  they 
conclude  that  the  Mendocino  Escarpment  "appears  to  be 
essentially  an  escarpment  in  the  Mohorovicic  discontinui- 
ty" and  that  "the  upper  mantle  rocks  have  significantly 
different  densities"  (lower  to  the  north)  on  opposite  sides 
of  the  Escarpment  east  of  about  longitude  130°W  (Dehlin- 
ger and  others,  1967,  p.  1242). 


Earthquake  epicenters  (Seeber  and  others,  1970)  a] 
pear  to  be  associated  with  the  Mendocino  Escarpmen 
thus  supporting  this  location  with  an  active  fault,  but  tl 
possibility  of  systematic  location  errors  provides  unce 
tainty.  Seismic  reflection  profiles  have  been  interpreted  t 
Moore  ( 1970,  figure  1)  to  indicate  a  principal  fault  on  tl 
south  side  of  the  Mendocino  Ridge  both  east  and  west  < 
the  Gorda  Rise  and  a  major  fault  on  the  north  side  oft! 
Ridge  east  of  the  spreading  center.  Moore's  Figure  3  (pr< 
file  G)  shows  gently  upturned  sediments  on  both  tli 
south  and  north  sides  of  the  Ridge.  Silver  interprets  h 
profile  S6  (1971b,  figure  7)  at  longitude  126°W  as  indica 
ing  faulting  only  on  the  north  side  of  the  Ridge.  He  als 
interprets  three  other  unpublished  but  poor  quality  pr( 
files  (located  in  Silver,  1971b,  figure  2)  across  the  Ridg 
as  indicating  major  faulting  on  the  north  side  west  < 
longitude  126°W,  but  he  feels  these  three  profiles  are  n< 
adequate  to  exclude  the  possibility  of  faulting  in  that  r< 
gion  on  the  south  side  (written  communication,  1977 
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Figure  2.  Magnetic  contours  near  Cape  Mendocino,  California.  Data  sources:  west  half,  Mason  and  Raff  (1961 ) ,  shows  0  contour  and  stippled  positive  areas; 
eastern  contoured  area  by  U.S.  Naval  Oceanographic  Office  (Griscom,  Blake,  and  Zietz,  unpublished  data),  contour  interval  20  gammas;  central  contoured 
area  from  Emilia  and  others  (1968),  contour  interval  50  gammas.  Datum  and  regional  magnetic  field  removed  differ  slightly  for  each  survey.  The  apparent 
offset  at  125°W  in  the  magnetic  anomaly  near  the  triple  junction  is  caused  by  survey  location  errors  east  of  125°W. 


A  continuous  linear  magnetic  high  (Raff  and  Mason, 
1961)  is  associated  with  the  Mendocino  Ridge  as  far  west 
as  longitude  129°50',  the  approximate  longitude  of  anom- 
aly 3  on  the  west  side  of  the  Gorda  Rise  spreading  center. 
The  continuity  of  the  feature  is  uncertain  farther  to  the 
west.  Mason  and  Raff  (1961,  p.  1264)  show  by  calculated 
models  that  the  anomaly  at  longitude  127°40'W  is  not 
caused  by  the  Ridge  topography  but  rather  by  a  linear 
magnetic  object  which  is  associated  with  the  Ridge,  but 
whose  top  is  at  a  depth  of  approximately  2.6  km  below  sea 
level  and,  hence,  approximately  1.3  km  below  the  sub- 
merged crest  of  the  Ridge.  A  vertical  step  m  the  magnetic 
model  is  present  on  the  south  side  of  the  Ridge  crest, 
downthrown  approximately  2.5  km  on  the  south  side, 
assuming  a  polarization  contrast  of  0.007  emu/cm3.  The 
small  steps  on  the  north  side  of  the  Ridge  are  for  conven- 
ience in  calculation,  but  sloping  surfaces  would  fit  the  data 
as  well. 

Malahoff  and  Woollard  (1968)  described  linear  east- 
west-trending  magnetic  highs  associated  with  the  Molo- 
kai  fracture  zone  both  east  and  west  of  the  Hawaiian 
Islands.  Their  calculations  indicated  that  the  tops  of  the 


magnetic  sources  were  approximately  2-7  km  below  the 
ocean  floor  and  that  there  was  no  clear  correlation 
between  the  ocean-floor  topography  and  the  anomalies. 
In  addition,  nearly  all  the  prominent  anomalies  were  posi- 
tive, and  for  modeling  required  an  apparent  susceptibility 
of  about  0.01  emu/cm3.  The  authors  inferred  that  the 
anomaly  sources  were  "intrusions  into  the  crust  along 
fracture  zones". 

Vogt  and  Johnson  (1975)  have  pointed  out  that,  after 
removing  the  deepening  effect  of  increasing  age  on  the 
ocean  floor,  the  longitudinal  topographic  profile  along  the 
crest  of  the  Mendocino  Ridge  appears  to  be  symmetrical 
about  the  Gorda  Rise  spreading  axis.  They  infer  that  the 
Ridge  is  a  constructional  volcanic  feature  formed  continu- 
ously at  the  south  end  of  the  spreading  center.  The  extru- 
sions are  thought  to  be  the  result  of  damming  by  the 
transform  fault  of  southward-flowing  subcrustal  partial 
melts  beneath  the  Gorda  Rise  axis.  The  magnetic  data 
over  the  Mendocino  Ridge  cause  some  difficulty  with  this 
hypothesis  because  a  constructional  volcanic  ridge  should 
exhibit  magnetic  highs  and  lows  along  its  length  according 
to  whether  the  earth's  field  was  normal  or  reversed  when 
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the  rocks  were  extruded.  In  fact,  the  anomaly  is  always 
positive,  and  the  calculations  of  Mason  and  Raff  (1961) 
indicate  that  the  topography  of  the  Ridge  is  probably  not 
the  cause  of  the  magnetic  anomaly  and  therefore  that  the 
flows  are  not  especially  magnetic.  Nevertheless,  basalts 
dredged  from  the  Mendocino  Ridge  at  its  junction  with 
the  Gorda  Rise  spreading  center  are  not  coated  with  fer- 
romanganese  oxide,  and  thus  appear  to  be  young,  whereas 
basalts  collected  elsewhere  from  the  Ridge  may  have  coat- 
ings as  much  as  several  centimeters  thick,  and  thus  appear 
to  be  older  (Krause  and  others,  1964). 

In  summary,  the  topographic  data  appear  to  favor  a 
major  fault  on  the  south  side  of  the  Mendocino  Ridge  for 
two  reasons:  the  major  escarpment  is  located  here,  and  the 
south  side  is  colinear  (figure  3)  with  the  base  of  the  Gorda 
Escarpment,  a  known  location  for  the  Mendocino  fault. 
Additionally,  the  Ridge  is  highest  at  the  Gorda  Rise 
spreading  center,  suggesting  that  the  crust  of  the  Ridge 
shares  with  the  Rise  the  same  thermal  contraction  with 
increasing  age  and  therefore  that  the  ridge  is  part  of  the 
same  plate.  The  gravity  and  magnetic  data  both  support 
the  location  of  the  fault  on  the  south  side  of  the  Ridge.  The 
reflection  profiles  and  epicenter  locations  can  be  interpret- 
ed variously  but  certainly  do  not  exclude  the  possibility 
that  the  fault  is  on  the  south  side  of  the  Ridge.  The  writer 
therefore  favors  a  south-side  location  for  the  fault  west  of 
longitude  126°W.  The  source  of  the  magnetic  anomaly  lies 
on  the  north  side  of  both  the  inactive  and  active  parts  of 


the  transform  fault  here  and  in  the  Pacific  plate  (west  c 
the  Gorda  Rise) ,  and  also  at  the  south  edge  of  the  Jua 
de  Fuca  plate.  This  source  most  likely  is  a  mafic  igneou 
intrusion  about  5km  wide  within  the  Ridge,  and  is  create 
continuously  at  the  Gorda  Rise  spreading  center. 


The  crest  of  the  magnetic  anomaly  associated  with  th 
Mendocino  Ridge  extends  east  of  the  end  of  the  Ridge 
obliquely  crossing  to  the  south  side  of  the  Mendocino  faul 
trace  in  the  vicinity  of  longitude  126°W  and  continuin 
east  to  a  point  at  least  10  km  inland  from  the  shorelin 
near  Cape  Mendocino  (figures  1  and  2).  The  magneti 
lineament  map  of  Affleck  (1962)  indicates  the  distanc 
inland  to  be  in  excess  of  20  km.  Thus,  the  magnetic  anom 
aly  also  cuts  across  the  northern  extension  of  the  Sai 
Andreas  fault.  The  writer  formerly  believed  that  th 
source  of  the  Mendocino  Ridge  magnetic  anomaly  la; 
entirely  within  the  Pacific  plate  (Griscom,  1973a)  and 
hence,  south  of  the  Mendocino  fault.  This  idea  cause 
difficult  structural  problems  at  the  San  Andreas  fault  be 
cause  the  anomaly  appears  to  pin  the  Pacific  plate  to  th 
North  American  plate.  Placement  of  the  anomaly  souro 
within  the  Juan  de  Fuca  plate,  as  described  below,  elimi 
nates  the  two  apparent  paradoxes  where  the  anomaly  cres 
crosses  two  major  active  transform  faults. 


Calculations  on  the  Mendocino  Ridge  magnetic  anom 
aly  using  models  and  gradients  (Vacquier  and  other; 
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Figure  3.      Bothymetric  map  of  the  Mendocino  Ridge  area.  Simplified  from  the  compilation  of  T.E.  Chase  and  others,  Scripps  Institution  of  Oceanography  (U.S. 
Naval  Oceanographic  Office,  1971).  Contour  interval  200  fm. 
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1951)  indicate  that  the  top  of  the  source  lies  at  increasing 
depths  below  sea  level  with  decreasing  distance  from  the 
continent:  2.6  km  at  longitude  127°40'W  (Mason  and 
Raff,  1961);  3.4  km  and  5.2  km  at  longitude  125°35'W  and 
longitude  124°45'W,  respectively  (Emilia  and  others, 
1968);  and  8  km  at  longitude  124°20'W,  the  shoreline 
south  of  Cape  Mendocino  (this  paper) .  This  plunging  to 
the  east  of  the  top  of  the  linear  magnetic  source  was  noted 
by  Emilia  and  others  (1968),  who  inferred  that  the  oce- 
anic crust  dips  toward  the  continent.  An  east-west  seismic 
reflection  profile  at  latitude  41  °30'N  (Silver,  1971b,  profile 
pll)  confirms  the  conclusion  and  shows  irregular, 
strongly  reflective  basement,  presumably  basaltic  crust, 
sloping  down  to  the  east  beneath  layered  turbidites  that 
appear  to  attain  maximum  thicknesses  in  a  trench  near  the 
base  of  the  continental  slope,  the  presumed  subduction 
zone  outcrop  (Silver,  1971a).  The  calculated  depth  of  5.2 
km  at  longitude  124°45'  on  the  Mendocino  anomaly  is 
located  approximately  at  the  southern  projection  of  the 
exposed  subduction  zone  (figure  2)  and  is  reasonable, 
considering  that  the  depth  to  the  top  of  the  basaltic  layer 
farther  north  is  4.0  km  below  sea  level  at  the  base  of  the 
slope  (Silver,  1971a,  p.  15).  The  depth  of  8.0  km  at  the 
shoreline  implies  that  over  a  distance  of  38  km  the  subduc- 
tion zone  slopes  down  to  the  east  approximately  2.8  km 
from  the  5.2-km  depth  for  a  dip  of  approximately  4°, 
gentler  than  the  9-15°  calculated  from  magnetic  data  by 
Silver  (1971a)  at  latitude  42°N.  But  uncertainties  may  be 
present  in  both  calculations. 
i 

The  depth  calculations  show  that  the  source  of  the  east- 
ern extension  of  the  anomaly  does  not  lie  in  the  shallow 
ntermediate  crust  south  of  the  Gorda  Escarpment,  but 
rather  at  a  depth  appropriate  for  the  eastward-subducting 
Fuan  de  Fuca  plate.  It  is  concluded  that  east  of  longitude 
126°W,  the  source  of  the  anomaly  has  been  diagonally 
thrust  beneath  the  rocks  of  the  Gorda  Escarpment  (Pa- 
cific plate)  for  a  maximum  southward  component  of 
about  10  km,  and  is  also  thrust  a  much  greater  distance 
eastward  beneath  the  North  American  plate.  Thus,  the 
source  only  appears  to  cross  the  surface  traces  of  the 
Mendocino  fault  and  San  Andreas  fault;  but  it  actually  lies 
beneath  them.  The  anomaly  does  not  permit  a  northwest 
extension  of  the  San  Andreas  fault  into  the  Juan  de  Fuca 
plate  (Griscom,  1973a).  The  relatively  shallow  depth  to 
the  Juan  de  Fuca  plate  at  Cape  Mendocino  offers  an  expla- 
nation for  the  results  of  recent  seismic  investigations  at 
Cape  Mendocino  (Simila  and  others,  1975)  where  the 
investigators  found  no  evidence  for  an  aqtive  subduction 
zone.  The  150  earthquakes  located  by  the  study  are  west 
nf  longitude  123°50'  and  essentially  all  of  them  occurred 
north  of  the  Mendocino  Ridge  anomaly,  with  all  focal 
depths  in  excess  of  10  km.  It  appears  likely  that  all  the 
earthquakes  of  the  seismic  investigation  are  situated  in  the 
upper  part  of  the  subducting  Juan  de  Fuca  plate  and  that 
the  nearly  horizontal  distribution  of  foci  is  an  expression 
of  the  very  low  dip  of  the  subduction  zone  in  this  area.  The 
focal  mechanisms  deduced  from  composite  fault  plane 
solutions  may  reflect  tectonic  events  which  have  little  rela- 


tionship with  the  events  in  the  overlying  North  American 
plate. 


MARINE  MAGNETIC  ANOMALIES 
NORTH  OF  THE  MENDOCINO  FAULT 

A  series  of  linear  marine  magnetic  anomalies  north  of 
the  Mendocino  fault  have  been  generated  at  the  Gorda 
Rise  spreading  center  (figure  2).  The  Juan  de  Fuca  plate, 
bearing  these  anomalies,  is  being  subducted  eastward 
beneath  the  North  American  plate  (Silver,  1971a;  1971b). 
A  linear  magnetic  high,  possibly  anomaly  5  (figures  1  and 
2),  can  be  seen  as  far  as  70  km  east  of  the  presumed 
outcrop  of  the  subduction  zone.  The  anomalies  become 
lower  in  amplitude  and  have  much  wider  and  gentler  mar- 
ginal gradients  where  they  lie  beneath  the  North  Ameri- 
can plate,  because  of  increasing  depth  beneath  the 
magnetometer  and  because  the  remanent  magnetization  of 
the  causative  mafic  rocks  is  decreased  by  the  increased 
temperatures  due  to  burial. 

Depth  calculations  on  anomaly  5(?)  are  not  reliable 
because  the  flight  lines  are  parallel  to  the  feature.  The 
northeast  end  of  anomaly  4  (figures  1  and  2),  where 
crossed  by  the  east-west  tie  line,  is  at  a  depth  of  approxi- 
mately 8  km  (Vacquier  and  others,  1951)  at  a  similar 
distance  from  the  subduction  zone  as  the  8.0  km  depth 
measured  on  the  east  end  of  the  Mendocino  Ridge  anom- 
aly, thus  offering  a  general  confirmation  of  the  shallow  dip 
calculated  for  the  subduction  zone. 

Silver  (1971b)  suggested  that  the  shortening  of  the  bent 
marine  magnetic  anomalies  east  of  Gorda  Rise  relative  to 
their  longer  linear  counterparts  on  the  west  side  of  the 
Rise  may  imply  southward  underthrusting  along  the  Men- 
docino fault  by  the  Juan  de  Fuca  plate  east  of  the  Rise.  He 
pointed  out  that  the  eastern  anomaly  3  appears  to  be  45 
km  shorter  than  its  western  counterpart.  The  Mendocino 
Ridge  magnetic  anomaly  is  always  located  on  the  north 
side  of  the  Mendocino  fault  between  longitude  129°W  and 
126°W  (figure  2),  which  makes  underthrusting  seem  un- 
likely. East  of  longitude  126°W  the  causative  mass  for  the 
Mendocino  Ridge  anomaly  may  be  underthrust  no  more 
than  10  km  southward  beneath  the  Pacific  plate.  Perhaps 
the  underthrusting  proposed  by  Silver  west  of  longitude 
127°W  takes  place  on  the  north  side  of  the  Mendocino 
Ridge,  but  this  would  require  that  the  Ridge  be  substan- 
tially uncoupled  from  the  two  plates  (Pacific  and  Juan  de 
Fuca)  flanking  it  east  of  the  Gorda  Rise,  which  is  unlikely. 

The  bends  in  marine  magnetic  anomaly  3  and  others 
north  of  the  Mendocino  fault  (figures  1  and  2)  may  be 
caused  by  an  irregularly  decreasing  spreading  rate  south- 
ward along  the  axis  of  the  Gorda  Rise,  coupled  with  asym- 
metric spreading,  presumably  the  result  of  rotation  and 
lateral  migration  of  the  spreading  axis.  The  bends  are 
probably  not  a  later  tectonic  feature  due  to  deformation 
related  to  the  triple  junction.  The  nearby  triple  junction 
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may,  however,  have  caused  the  local  variations  in  spread- 
ing rate. 

MAGNETIC  ANOMALIES  SOUTH 
OF  THE  MENDOCINO  FAULT 

The  linear  oceanic  magnetic  anomalies  which  trend 
north-south  on  the  south  side  of  the  Mendocino  fault 
(figure  1 )  were  generated  at  a  spreading  center  which,  in 
this  area  of  the  Pacific  plate,  was  destroyed  by  collision 
with  a  trench  (Atwater,  1970)  after  the  time  of  formation 
of  anomaly  8  (25  m.y.b.p.).  The  east-west  anomaly  at 
latitude  39°N  is  probably  related  to  the  east-west  Pioneer 
fracture  zone  which  lies  a  few  kilometers  farther  south. 
The  oceanic  magnetic  anomalies  disappear  at  the  lower 
part  of  the  continental  slope  in  the  general  vicinity  of  the 


1500  fm  submarine  contour.  This  boundary  may  be 
former  transform  fault. 

The  probable  cause  of  the  two  northwest-trending  mag 
netic  highs  (figure  1)  on  the  continental  shelf  east  c 
longitude  124°40'W  are  considered  to  be  belts  of  ophioliti 
rocks  (Griscom,  1973a).  On  shore  in  northern  Californii 
such  magnetic  lineaments  are  only  found  in  associatio 
with  the  rocks  of  presumed  ophiolite  belts  (Griscon 
1966,  1973b;  Blake,  Zietz,  and  Daniels,  1973;  Cad) 
1975).  Depth  determinations  by  the  method  of  Vacquie 
and  others  (1951)  on  the  south  end  of  the  longer  anomal 
(See  aeromagnetic  map  of  Affleck,  1962)  indicate  a  dept! 
below  the  surface  of  approximately  0.5  km  below  sea  levc 
where  the  San  Andreas  fault  terminates  the  anomaly,  am 
a  depth  of  2.3  km  at  a  point  20  km  farther  northwest. 
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SEISMOLOGICAL  EVIDENCE  ON  THE  TECTONICS 

OF  THE  NORTHERN  SECTION  OF  THE 

SAN  ANDREAS  FAULT  REGION 


by 
G.W.  Simila1 


ABSTRACT 

The  San  Andreas  fault  in  northern  California  extends 
north-westward  offshore  from  Point  Arena  to  Shelter 
Cove.  Seismicity  patterns  and  fault  plane  solutions  are 
presented  herein  to  interpret  the  current  tectonic  frame- 
work at  the  Mendocino  triple  junction.  The  focal  mech- 
anisms indicate  mainly  strike-slip  motion  with  N-S 
compressional  stress  directions.  High  levels  of  seismicity 
(ML  >  4.0)  are  associated  with  the  Gorda  Escarpment, 
Gorda  Basin,  and  inland  shear  zones.  The  northern  sec- 
tion of  the  San  Andreas  fault  has  exhibited  an  aseismic 
quality  since  the  1906  rupture.  Deformation  of  the  Gorda 
Basin  and  the  N-S  compressional  stress  pattern  indicate 
a  transition  in  the  tectonic  regime. 


INTRODUCTION 

The  northern  section  of  the  San  Andreas  fault  intersects 
the  Gorda  Escarpment  near  Cape  Mendocino,  California. 
McKenzie  and  Morgan  (1969)  proposed  that  Cape  Men- 
docino is  a  triple  junction  of  the  Pacific,  Gorda,  and  North 
American  plates  which  is  related  to  the  development  of 
the  San  Andreas  fault.  The  San  Andreas  fault  has  been 
interpreted  as  a  transform  fault  absorbing  horizontal  mo- 
tion between  the  North  American  and  Pacific  plates.  The 
San  Andreas  has  been  traced  offshore  from  Point  Arena 
by  reflection  profiling  (Curray  and  Nason,  1967)  that 
extended  northward  to  Cape  Mendocino.  Tectonic  models 
generally  incorporate  the  idea  that  the  San  Andreas  bends 
abruptly  to  join  the  Gorda  Escarpment,  and  that  part  of 
the  deformation  may  extend  into  the  Gorda  Basin.  Silver 
(1971)  presented  evidence  for  underthrusting  of  the  conti- 
nental margin  north  of  the  escarpment.  The  continental 
margin  separates  late  Cenozoic  oceanic  crust  from  the 
Mesozoic  and  older  rocks  of  the  northern  Coast  Ranges 
and  Klamath  Mountains.  Geology  of  the  onshore  region 
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is  represented  mainly  by  the  Franciscan  Formation  (Ogle, 
1953).  The  ages  of  these  rocks  are  Late  Jurassic  and  Cre- 
taceous. The  major  faults  at  the  cape  region  are  shear 
zones  with  a  component  of  thrusting  to  the  north  (figure 
2).  An  east-west  magnetic  anomaly  (at  least  2  million 
years  old)  is  apparently  associated  with  the  Gorda  Es- 
carpment (Griscom,  1973),  which  provides  evidence 
against  the  northward  continuation  of  the  San  Andreas 
fault.  Smith  and  Knapp  (1979)  have  proposed  the  north- 
ern termination  point  of  the  San  Andreas  at  Cape  Mendo- 
cino. 

The  regional  seismicity  is  characterized  by  the  high 
level  of  activity  extending  inland  for  1 50  km  from  Cape 
Mendocino  (Bolt,  1979),  along  the  Gorda  Escarpment, 
and  in  the  Gorda  Basin.  Asada  and  others  (1975)  report- 
ed that  high  seismicity  rates  and  shallow-focus  earth- 
quakes are  typical  of  the  Gorda  Basin.  No  recent 
seismicity  has  been  detected  directly  associated  with  the 
1906  fault  break  zone  south  of  Punta  Gorda  (Bolt  and 
Miller,  1975) .  The  aseismic  nature  of  the  northern  section 
of  the  fault  can  be  contrasted  to  the  continuous  seismic 
activity  and  slow  fault  slip  of  the  San  Andreas  fault  in 
central  California. 

Seismicity  patterns  and  fault  plane  solutions  are 
analyzed  in  this  report  to  reveal  the  stress  systems  occur- 
ring at  the  tectonic  boundaries  at  the  northern  section  of 
the  San  Andreas  fault.  Focal  mechanisms  indicate  a  re- 
gional N-S  compressive  stress  that  represents  the  transi- 
tional stage  of  the  plate  tectonic  framework  at  Cape 
Mendocino. 

LARGER  EARTHQUAKES  OF 
THE  HISTORIC  RECORD 

The  larger  earthquakes  which  have  occurred  in  the 
northern  California  coastal  region  (1800-1972)  are 
shown  in  Figure  1  and  are  listed  in  Table  1.  The  data 
sources  included  the  earthquake  catalogs  of  the  Pacific 
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Figure  1.  Epicenters  of  large  historical  and  recent  earthquakes  (1800-1972)  of  coastal  northern  California.  Circles  represent 
epicenters  for  magnitude  (Mt  >  6.0)  and  intensity  (I)  values  (Rossi-Forel)  =  7-9.  Major  faults  are  San  Andreas  (S.A.), 
Gorda  Escarpment  (G.E.),  and  South  Fork  Mountain   (S.F.M.). 
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ure  2.     Local  tectonic  features  of  Cape  Mendocino,  California.  Simplified  geology  from  Geologic  Map  of  California,  Redding  Sheet  (1962).  San  Andreas 
ilt  trace  from  Curray  and  Nason   (1967)  and  magnetic  data  from  Griscom  (1973). 


Dast  by  Townley  and  Allen  (1939)  and  of  northern  Cali- 
rnia  (Bolt  and  Miller,  1975;  Youd  and  Hoose,  1978). 

The  major  right-lateral,  strike-slip  displacement  which 
:curred  on  the  northern  San  Andreas  fault  resulted  from 
e  1906  San  Francisco  earthquake.  Displacements  as 
rge  as  21  feet  were  observed,  and  the  total  length  of 
ipture  extended  from  San  Juan  Bautista  to  Shelter  Cove 
^awson  and  others,  1908).  In  addition,  the  section  of  the 
in  Andreas  fault  from  Point  Arena  to  Shelter  Cove  (fig- 
e  1)  had  three  instances  of  reported  intensities  (Rossi- 
3rel)  exceeding  VII.  The  largest  intensity  (IX)  occurred 
1898  near  the  Mendocino  County  coast.  Association  of 


these  earthquakes  with  the  San  Andreas  implies  that 
events  of  moderate  magnitude  might  have  occurred  within 
the  1906  rupture  zone.  Kelleher  and  Savino  (1975)  con- 
cluded that  most  of  the  fault  section  fractured  in  1906  was 
relatively  quiet,  but  that  adjacent  regions  had  moderately 
strong  earthquakes  occurring  regularly  prior  to  the  event, 
with  a  low  level  of  premonitory  seismicity  at  the  interior 
region  of  a  seismic  gap.  Since  1906,  the  northern  segment 
of  the  San  Andreas  has  been  generally  aseismic. 

Historically,  the  San  Andreas  fault  has  had  a  moderate 
level  of  seismicity  north  of  Shelter  Cove  and  the  Gorda 
Escarpment.  The  majority  of  intensities  reported  in  Hum- 
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Table   I.  Large  earthquakes  of  northern  coastal  California  with  ML   >    6.0  or  Intensity 
(Rossi-Forel)   >    VII. 


DATE 

LOCALITY 

N.  LAT. 

W.  LONG. 

Mi 

INTENSITY 

10-23-1853 

Humboldt  Co. 

40.83 

124.17 

VIII 

11-12-1860 

Humboldt  Co. 

40.83 

124.17 

VII 

10-01-1865 

Eureka 

40.83 

124.17 

VIM— IX 

12-15-1865 

Dry  Creek 

39.33 

123.83 

VII 

09-26-1868 

Ukiah 

39.33 

123.25 

VIII 

10-08-1869 

Ukiah 

39.33 

123.25 

VIII 

03-02-1871 

Eureka 

40.83 

124.17 

VII 

11-22-1873 

Crescent  City 

41.75 

124.17 

VIM 

07-31-1885 

Cloverdale 

38.83 

123.00 

VII 

12-16-1887 

Pt.  Arena 

38.92 

123.75 

VIII 

02-18-1888 

Pt.  Arena 

38.92 

123.75 

VII 

07-26-1890 

Petrolia 

40.33 

124.25 

VIII 

04-14-1898 

Mendocino  Co. 

39.33 

123.83 

IX 

04-16-1899 

Eureka 

40.83 

124.17 

VII 

08-18-1908 

Humboldt  Co. 

40.83 

124.17 

VIII 

05-17-1909 

Humboldt  Co. 

40.25 

124.17 

VIII 

10-28-1909 

Humboldt  Co. 

40.58 

124.17 

IX 

07-04-1916 

Humboldt  Co. 

40.58 

124.25 

VII 

07-14-1918 

W.  of  Eureka 

41.00 

125.00 

6.5 

VII 

09-15-1919 

Eureka 

40.83 

124.17 

VII 

01-22-1923 

W   of  Eureka 

40.50 

124.50 

7.3 

VIII— IX 

06-04-1925 

W   of  Eureka 

41.50 

125.00 

6.0 

08-20-1927 

Areata 

41.00 

124.60 

VIII 

09-22-1930 

Eureka 

40.83 

124.17 

VIII 

06-06-1932 

Areata 

40.75 

124.50 

6.4 

10-03-1941 

W.  of  Eureka 

40.40 

124.80 

6.4 

12-21-1954 

E.  of  Eureka 

40.78 

123.87 

6.5 

boldt  County  may  have  resulted  from  earthquakes  occur- 
ring offshore.  For  example,  the  large  1923  event  (ML  = 
7.2)  was  located  near  the  continental  margin.  The  1954 
Eureka  earthquake  (ML  =  6.5)  was  probably  associated 
with  the  existing  onshore  faults  (Korbel-Falor  fault 
zone)  in  the  Franciscan  Formation. 

REGIONAL  SEISMICITY 

The  seismicity  of  the  San  Andreas-Gorda  Escarpment 
region  for  the  1932-75  (ML  >  4.0)  is  shown  in  Figure  3. 
The  primary  features  are  the  high  level  of  activity  of  the 
Gorda  Escarpment,  the  aseismic  character  of  the  San  An- 
dreas fault  south  of  Cape  Mendocino,  and  diffuse  seismici- 
ty offshore  (eastern  edge  of  the  Gorda  Basin)  and  inland 
from  Cape  Mendocino  (Bolt,  1979).  This  diffuse  pattern 
of  seismicity  may  arise  partly  from  imprecise  locations. 
Smith  and  Knapp  (1980)  have  relocated  several  large 
events  (ML  >  6.0)  in  this  region  which  indicate  the  scat- 
ter involved  with  the  epicenters.  The  detailed  micro-seis- 
micity  of  the  Cape  Mendocino  region  has  been  recently 
investigated  (Simila  and  others,  1975;  Smith,  1976;  Bolt, 
1979),  revealing  the  complex  nature  of  the  tectonic  activ- 
ity, with  high  seismicity  inland  for  150  km.  Also,  a  low 
level  of  activity  is  observed  for  the  South  Fork  Mountain 
fault  region  (figure  3).  The  low  micro-seismic  rate  was 
also  indicated  by  Simila  (1974).  The  South  Fork  Moun- 
tain fault,  which  separates  the  Franciscan  rocks  of  the 
Coast  Ranges  from  the  Great  Valley  sequence,  has  been 
interpreted  by  Ernst  (1970)  as  a  crustal  expression  of  a 
late  Mesozoic  Benioff  zone.  Smith  (1976)  provided  seis- 
mic evidence  for  a  shallow  eastward-dipping  Benioff  zone 
at  Cape  Mendocino.  The  deep  zone  of  seismicity  (17-31 
km)  was  interpreted  to  be  a  remnant  of  the  underthrust 
Gorda  plate. 


FAULT  PLANE  SOLUTIONS 
AND  REGIONAL  TECTONICS 

Fault  plane  solutions  from  earthquakes  provide  evi- 
dence on  the  nature  of  faulting  in  a  particular  tectonic 
setting.  The  principal  stress  directions  can  be  estimated 
from  the  focal  mechanisms,  providing  data  on  the  regional 
deformation  pattern.  Previous  investigations  regarding  fo- 
cal mechanisms  of  the  Cape  Mendocino  region  by  Bolt 
and  others  (1968),  Simila  and  others  (1975),  and  Smith 
(1976),  indicate  a  general  N-S  compressive  stress.  The 
results  of  these  previous  studies,  plus  additional  data  from 
the  present  investigation,  are  shown  in  Figure  4. 

The  Gorda  Escarpment  region  exhibits  strike-slip  (in- 
terpreted as  right-lateral)  motion  and  minor  reverse  fault- 
ing near  the  coast.  The  inland  shear  zones  near  Cape 
Mendocino  also  indicate  strike-slip  faulting  with  N-S 
compression.  Two  focal  mechanisms  east  of  the  San  An- 
dreas fault  show  that  strike-slip  motion  is  occurring.  A 
possible  normal  fault  is  seen  in  this  study  north  of  the 
Korbel-Falor  fault  system,  which  has  been  interpreted  by 
Manning  and  Ogle  (1950)  as  normal  faulting.  The  fault 
plane  solution  in  the  Eureka  area  indicates  strike-slip  mo- 
tion parallel  to  mapped  faults.  Since  the  first-motion  data 
are  associated  with  earthquakes  occurring  at  depths  of 
10-30  km,  the  direct  correlation  with  surficial  geologic 
features  is  ambiguous.  This  observation  is  also  noted  by 
Simila  and  others  (1975)  and  Smith  (1976). 

The  arrows  indicating  maximum  compressive  stress  in 
Figure  4  trend  generally  N-S.  This  stress  pattern  is  con- 
sistent with  the  general  NW-SE  strike  of  the  San  Andreas 
and  inland  fault  systems.  Additional  focal  mechanisms  by 
Bolt  and  others  (1968)  show  this  N-S  compression  as- 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


135 


o 
■*■ 

Al 


CVJ    k 


o 


a. 
o 
U 


is 

o- 


136 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  U 


125 


124" 


Figure  4.     Fault  plane  solutions  for  the  Cape  Mendocino  region  from  investigations  by  Bolt  and  others  (1968),  Simila  and  others  (1975),  and  Smith  (1976) 
and  the  present  study.  Dark  regions  represent  compressional  arrivals,  lower  hemisphere  projections.  Arrows  indicate  direction  of  principal  compressive  stress 


sociated  with  strike-slip  faulting  also  occurs  northward  at 
Crescent  City  and  near  Salem,  Oregon.  East  of  the  South 
Fork  Mountain  fault,  this  N-S  stress  system  is  also  ob- 
served for  the  northern  region  of  the  Great  Valley  (Simila 
and  others,  1979).  North-south  compression  is  reflected 
by  local  crustal  shortening  (Ogle,  1953). 

Recently,  new  models  for  the  tectonic  development  of 
northern  California  has  been  proposed.  Blake  and  Jones 
( 1977)  suggested  that  a  triple  junction  occurred  near  Red 
Bluff  due  to  continental  rifting  during  Mesozoic  time.  The 
rifting  produced  westward  movement  of  the  Klamath 


plate  and  subsequent  formation  of  the  South  Fork  Moun 
tain  schist.  Fox  (1976)  proposed  that  the  tectonism  neai 
Cape  Mendocino  involved  a  different  type  of  triple  June 
tion  in  which  the  oceanic  plate  advanced  along  the  west 
ern  side  of  the  continental  plate.  This  movement 
contributed  to  the  formation  of  the  melanges  in  the  Fran 
ciscan  complex.  Herd  (1978)  has  proposed  the  Humboldi 
plate  which  lies  east  of  the  Mendocino  triple  junction  anc 
is  converging  northwestward  against  the  Gorda  plate 
These  tectonic  interactions  from  the  east  and  west  ma> 
have  influenced  the  development  of  the  current  stress  sys- 
tem. 
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CONCLUSION 

The  northern  section  of  the  San  Andreas  fault  exhibits 
i  low  level  of  seismicity.  The  regional  tectonic  activity 
lear  Cape  Mendocino  is  characterized  mainly  by  strike- 
dip  faulting.  Focal  mechanism  results  indicate  a  general 
^-S  compressional  stress  system.  The  Gorda  Basin  is 
jndergoing  internal  deformation  which  may  result  from 
:he  absence  of  underthrusting  northward.  Stress  concen- 
rations  at  the  intersection  of  the  three  plates  at  the  triple 
unction  is  evident  in  the  series  of  NW-SE  trending  conju- 


gate shear  zones,  and  the  high  level  of  seismicity.  The 
current  stress  pattern  has  produced  large  intraplate  earth- 
quakes (ML  >  6.5)  and  moderate  (ML  <  6.5)  interplate 
events.  This  evidence  suggests  that  the  current  plate  tec- 
tonic framework  is  in  a  transitional  stage. 
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SEISMICITY  AND  CRUSTAL  STRUCTURE  NEAR  THE  NORTH  END 
OF  THE  SAN  ANDREAS  FAULT  SYSTEM 


by 
Richard  Couch1 


ABSTRACT 

Focal  mechanism  solutions  for  earthquakes  which  oc- 
curred along  the  continental  margin  and  offshore  of 
lorthern  California  and  southern  Oregon  indicate  north- 
south  compression  of  the  region.  The  focal  mechanism 
solutions  suggest  right-lateral  fault  motion  along  the  Gor- 
ia  Escarpment  and  along  the  continental  margin  of  north- 
ern California,  and  motion  along  either  right-lateral 
northwest-southeast  or  left-lateral  northeast-southwest 
faults  in  the  Gorda  Basin.  Crustal  models,  based  on  seis- 
mic refraction  and  gravity  measurements,  suggest  that  the 
lithosphere  of  the  Pacific  plate  has  overthrust  the  lithos- 
phere  of  the  Gorda  Basin  along  the  Gorda  and  eastern 
Mendocino  Escarpments  and  that  the  lithosphere  of  the 
North  American  plate  has  overthrust  the  Gorda  Basin 
along  the  continental  slope  of  northern  California.  Fault- 
ing which  includes  components  of  both  strike-slip  and 
thrust  motion  is  consistent  with  the  earthquake  and  crus- 
tal studies. 


INTRODUCTION 

Vine  (1966)  interpreted  the  marine  magnetic  anomalies 
observed  by  Raff  and  Mason  (1961)  off  the  Pacific  north- 
west coast  as  indicating  sea-floor  spreading  along  the 
Gorda  and  Juan  de  Fuca  Ridges.  Wilson  (1965),  Morgan 
(1968),  and  At  water  (1970)  interpreted  the  San  Andreas 
fault  system  as  a  transform  fault  between  the  East  Pacific 
Rise  in  the  Gulf  of  California  and  the  Gorda  Ridge  off 
northern  California  and  southern  Oregon  along  which  the 
Pacific  lithospheric  plate  moves  in  a  right-lateral  sense 
relative  to  the  North  American  plate.  Figure  1  shows  the 
major  bathymetric  features  of  the  region  about  the  north 
end  of  the  San  Andreas  fault  system  (USNOO,  1971). 
Curray  and  Nason  (1967)  indicate  the  San  Andreas  fault 
extends  offshore  north  of  Point  Arena  and  remains  near- 
shore  until  it  reaches  Punta  Gorda  where  it  may  curve 
westward  along  the  Gorda  Escarpment.  Shepard  and  Em- 
ery (1941),  to  explain  the  apparent  offset  of  the  continen- 
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tal  shelf  off  Cape  Mendocino,  postulated  right-lateral 
horizontal  displacement  along  a  section  of  the  San  An- 
dreas fault  curved  westward  along  the  Gorda  Escarpment. 
Menard  and  Dietz  (1952)  described  the  Mendocino  Es- 
carpment and  noted  that  the  south-facing  scarp  does  not 
appear  to  be  a  seismically  active  extension  of  the  San 
Andreas  fault.  McManus  (1967)  described  the  physiogra- 
phy of  the  Gorda  Rise  (ridge),  indicated  it  included  a 
central  rift  valley,  similar  to  the  Mid-Atlantic  Ridge,  and 
showed  that  the  central  valley  and  flanking  ridges  are 
offset  in  a  right-lateral  sense  approximately  midway 
between  the  Mendocino  Escarpment  and  the  Blanco  frac- 
ture zone.  The  Gorda  Ridge  terminates  on  the  north  end 
at  the  Blanco  fracture  zone.  McManus  (1965)  noted  that 
east  of  the  Gorda  Ridge  the  Blanco  fracture  zone  trends 
more  southerly  and  suggested  a  possible  align  north  of  the 
Gorda  Escarpment.  Silver  (1969,  1971a,  1971b)  and 
Kulm  and  Fowler  ( 1974)  interpret  the  geologic  structures 
forming  the  continental  margin  of  northern  California  and 
southern  Oregon  to  reflect  underthrusting  of  the  continen- 
tal slope  and  shelf  by  the  Gorda  Basin. 

Morgan  (1968),  Atwater  (1970),  and  Silver  (1971b) 
describe  the  area  near  Cape  Mendocino  as  a  triple  junction 
where  the  Pacific,  North  American,  and  Gorda  plates 
meet.  The  magnetic  anomalies  in  the  Gorda  Basin,  howev- 
er, indicate  deformation  of  the  Gorda  plate  and  therefore 
the  structures  and  tectonics  of  the  region  are  more  com- 
plex than  rigid  plate  tectonics  would  suggest.  This  paper 
reviews  the  seismicity  of  the  region  and  presents  an  inter- 
pretation of  the  crustal  structure  of  the  Mendocino  frac- 
ture zone,  Gorda  Ridge,  and  continental  margin  of 
northern  California. 


EARTHQUAKES 

Figure  2  is  a  map  of  earthquake  epicenters  between  39° 
and  50°N  latitude  and  123°  and  131°W  longitude  which 
occurred  between  1853  and  1973.  The  key  indicates  three 
levels  of  magnitude  for  the  plotted  epicenters:  3.7<M<5, 
5<M<6.3,  and  M  >  6.3.  A  comparison  of  the  magnitudes 
of  individual  earthquakes  as  reported  by  the  different 
sources  used  to  compile  the  map  (Couch  et  al.,  1974) 
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Figure  1.  Bathymetry  of  the  Gorda  Basin,  Gorda  Ridge,  Mendocino  and  Gorda  escarpments  and  the  continental  margin  of  northern  California  and  southern 
Oregon.  Depths  are  in  fathoms.  Line  AA'  shows  the  location  of  the  crustal  section  shown  in  Figure  6  and  line  BB'  shows  the  location  of  the  crustal  section  in 
Figure  8.  Modified  from  maps  prepared  by  S.I.O.  for  the  U.S.  Naval  Oceanographic  Office,  1971. 


indicates  the  magnitude  of  an  earthquake  may  be  uncer- 
tain by  as  much  as  ±  one  unit  of  magnitude.  Most  earth- 
quake magnitudes,  however,  agree  within  ±  one-half  unit 
of  magnitude. 

A  comparison  of  the  location  of  the  mapped  epicenters 
and  the  geologic  or  bathymetric  features  with  which  they 
are  likely  to  be  associated  indicates  most  epicenters  of  the 
region  are  systematically  offset  to  the  northeast  by  ap- 
proximately one-half  degree.  This  offset  is  largely  at- 
tributable to  the  difference  between  the  velocity  of  wave 
propagation  used  in  determining  the  epicenter  and  the 


actual  velocity  of  propagation  in  the  region,  and  to  the 
location  of  the  reporting  seismograph  stations  with  re- 
spect to  the  epicenter  (Bolt  et  al,  1968;  Tobin  and  Sykes, 
1968;  Northrup,  1970;  Seeber  et  al,  1970).  Northrup 
(1970)  noted  a  systematic  error  in  epicenter  location  as- 
sociated with  earthquakes  along  the  Gorda  Ridge  when 
comparing  epicenters  determined  by  using  P-wave  arriv- 
als and  by  using  T-wave  arrivals.  Epicenters  located  using 
T-wave  arrivals  are  west  of  the  epicenters  located  using 
P-wave  arrivals  and  coincide  with  the  Gorda  Ridge.  John- 
son and  Jones  (1977)  deployed  sonobuoys  over  the  Blan- 
co fracture  zone  and  showed  that  the  observed  earthquake 
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Figure  2.     Coastal  and  offshore  earthquakes  of  northern  California,  Oregon,  Washington,  and  southern  British 
Columbia.  From  Couch,  Victor,  and  Keeling,  1974. 
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activity  was  coincident  with  the  fracture  zone  topography. 
Studies  of  the  larger  more  recent  earthquakes  (e.g.  Tobin 
and  Sykes,  1968)  have  yielded  more  accurate  epicentral 
locations  of  selected  events.  East-west  or  north-south 
lineations  in  the  epicenters  noticeable  in  Figure  2  are  ar- 
tifacts of  location  round-off  and  indicate  the  uncertainty 
of  location  of  many  of  the  earthquakes.  The  map  shows 
concentrations  of  earthquake  epicenters  along  the  Mendo- 
cino and  Blanco  fracture  zones,  onshore  immediately  east 
of  the  Mendocino  fracture  zone  in  the  Gorda  Basin  and 
off  Vancouver  Island.  Earthquakes  with  magnitudes 
greater  than  M  =  6.3  have  occurred  along  the  continental 
margin  of  northern  California  and  along  the  Blanco  frac- 
ture zone. 

Irrespective  of  the  uncertainties  in  the  earthquake  loca- 
tions, and  as  Byerly  (1937)  has  pointed  out,  the  earth- 
quakes do  not  occur  on  a  linear  extension  of  the  San 
Andreas  northwest  of  Point  Arena  nor  are  they  concen- 
trated exclusively  along  the  tectonic  plate  boundaries  of 
the  region  of  the  Mendocino  fracture  zone,  Gorda  Ridge, 
Blanco  fracture  zone,  and  continental  margin  of  northern 
California  and  southern  Oregon.  Earthquakes  in  the  Gor- 
da Basin  indicate  continuing  deformation  and  have  been 
interpreted  by  Tocher  (1956)  and  Bolt  et  al.  (1968)  as 
reflecting  seismicity  consistent  with  a  northwestward  ex- 
tension of  the  San  Andreas  fault  system. 

Along  the  Mendocino  Escarpment  seismic  activity  is 
greater  east  of  126°W  longitude  than  between  126°  and  the 
Gorda  Ridge.  The  base  of  the  continental  slope  (figure  1 ) 
also  terminates  near  126°W  longitude  on  the  south  side  of 
the  Mendocino  Ridge.  Seismic  activity  in  the  Gorda  Basin 
appears  to  be  more  prevalent  northeast  of  a  line  extending 
from  the  Mendocino  Ridge  at  126°W  longitude  to  an  offset 
in  the  Gorda  Ridge  near  41°40'N  latitude,  127°20'W  longi- 
tude, and  southwest  of  a  line  extending  from  the  coast  near 
41°10'N  latitude  to  a  point  near  42°50'N  latitude,  126°W 
longitude.  The  north  end  of  the  latter  line  is  parallel  to  and 
along  the  south  side  of  a  submarine  ridge  (figure  1 )  at  the 
north  end  of  the  Gorda  Basin.  Hence,  there  appears  to  be 
a  broad  zone  of  earthquake  activity  extending  from  the 
Gorda  Escarpment  and  adjacent  coastal  California  north- 
westward across  the  Gorda  Basin  to  the  Gorda  Ridge. 
This  zone  of  seismicity  is  more  evident  in  the  mapped 
epicenters  of  earthquakes  which  occurred  after  1961  (e.g. 
figure  3  of  Chandra,  1974). 

Examination  of  the  earthquake  history  of  the  area  off- 
shore of  northern  California  and  Oregon  and  Washington 
shows  a  marked  increase  in  seismicity  with  time.  Figure 
3,  a  graph  showing  the  number  of  earthquakes  per  year  for 
the  120-year  period  between  1853  and  1973,  clearly  shows 
a  time  dependency  in  the  detection  and  reporting  of  earth- 
quakes for  this  area.  During  the  mid-  to  late-1800's  the 
earthquakes  reported  were  largely  land  or  nearshore 
earthquakes  large  enough  to  affect  the  inhabitants  of  the 
coastal  regions  (Richter,  1958).  The  1906  San  Francisco 
earthquake  and  subsequent  aftershocks  caused  the  large 


increase  in  reported  earthquakes  during  and  shortly  after 
1906.  The  graph  also  shows  the  effect  of  the  growth  and 
improvement  of  instrumental  seismology  (Byerly,  1940) 
during  the  early  decades  of  the  twentieth  century.  An 
increase  in  available  funds  for  earthquake  research  and  the 
installation  of  world-wide  standard  seismograph  stations 
in  the  1950's  and  1960's  causes  the  large  increase  in  the 
number  of  earthquakes  reported  during  this  era. 

In  addition  to  changes  in  the  earthquake  frequency! 
curve  caused  by  improvements  in  detection  and  observa-, 
tion  capabilities,  an  apparent  cyclic  variation  with  a  peri- 
od  of  approximately  four  years  is  observed.  Spectral 
analysis  of  the  earthquake  frequency  data  shows  a  differ- ' 
ence  in  the  apparent  periodicity  of  earthquake  activity  on 
the  Blanco  fracture  zone  and  on  the  Mendocino  fracture! 
zone.  These  apparent  periodicities  may  be  associated  with 
rates  of  strain  accumulation  and  release  on  the  different ' 
tectonic  plates  interacting  about  the  Gorda  Basin.  Addi-i 
tional   studies  are  necessary   to  explain  this  apparent 

periodic  variation  in  the  seismicity  of  the  region. 

! 

Figure  4  shows  a  compilation  of  earthquake  focal  mech- 
anisms— reported  by  Byerly  (1938),  34m;  Rinehart  i 
(1964),  63a,  63e,  63n,  63h,  and  63;;  Tobin  and  Sykes 
(1968),  63J;  64bi,  65a,  65h,  and  65n;  Bolt  etal.  (1968),  34b2, 
62a,  62b,  62d,  64e2,  67a,  67d,  and  68b2;  Seeber  et  al.  (1970), 
70e;  Chandra  (1974),  63j2,  64b2,  64c,  64e,  65f2,  68bi,  70a,  and  \ 
72a;  and  Jones  and  Johnson  (1977),  77 —  in  the  area! 
between  39°  and  44°N  latitude  and  122°  and  130°W  longi- 
tude.  First  motion  studies  of  Rinehart  (1964),  63a,  63e, 
63n,  63b  and  63i;  did  not  yield  complete  focal  mechanism 
solutions  but  suggest  the  direction  of  horizontal  motion. 
Number  pairs  34bi  and  34b2;  63ja  and  63j2;  64ei  and  64e2; 
and  68bi  and  68b2  indicate  focal  mechanisms  of  the  same 
earthquake  obtained  by  different  investigators.  The  focal 
mechanisms  predominantly  show  strike-slip  motion  ori- 
ented northwest-southeast  or  northeast-southwest.  Tobin 
and  Sykes  (1968)  show  a  mechanism  indicative  of  normal 
faulting  on  the  Gorda  Ridge  while  Jones  and  Johnson 
(1977)  report  a  mechanism  indicative  of  reverse  faulting 
on  the  ridge.  Rinehart  (1964),  Bolt  et  al.  (1968),  and 
Seeber  et  al.  (1970)  report  mechanisms  reflecting  strike- 
slip  motion  parallel  to  the  Gorda  Escarpment  and  on  land 
near  Cape  Mendocino.  Seeber  et  al.  (1970)  also  report  a 
mechanism  reflecting  thrust  faulting  on  the  Gorda  Es- 
carpment. The  focal  mechanisms  clearly  reflect  north- 
south  compression  in  the  Gorda  basin  along  the  Gorda 
Escarpment  and  onshore  in  the  vicinity  of  Cape  Mendo- 
cino. Seeber  et  al.  (1970)  interpret  their  observations  to 
indicate  right-lateral  faulting  radiating  northwest  from 
Cape  Mendocino  in  the  sector  delineated  on  the  south  by 
the  Gorda  Escarpment  and  on  the  east  by  the  continental 
slope.  The  orientation  of  their  proposed  faults  is  approxi- 
mately aligned  with  the  San  Andreas  fault  system  to  the 
southeast  and  strongly  supports  the  hypothesis  of  Bolt  et 
al.  (1968)  that  the  right-lateral  strike-slip  motion  along 
the  San  Andreas  fault  is  currently  being  absorbed  by  slip 
along  the  Mendocino  fracture  zone  as  well  as  along  faults 
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:igure  3.     Frequency  of  earthquakes  from  1853  to  1973  in  the  region  between  39°  and  49°10'N  latitude  and  120°  and  131°W  longitude.  From  Couch,  Victor, 
and  Keeling,  1974. 


rending  northwest  across  the  Gorda  Basin  with  conse- 
quent internal  deformation  of  the  Gorda  Basin. 


Seismic  reflection  studies  (Silver,  1971b)  show  fault 
ind  structural  trends  along  the  Gorda  Escarpment  orient- 
id  approximately  east-west.  Silver  (1971b)  interprets  the 
ieformation  of  the  sub-bottom  reflectors  as  consistent 
with  southside-up  movement  in  accord  with  a  south- 
iipping  reverse  fault  indicated  by  one  solution  of  the  focal 
mechanism  of  Seeber  et  al.  (1970).  He  also  suggests  that 
i  high-angle  fault  might  accomodate  thrusting  with  a 
iominantly  strike-slip  motion  along  the  Gorda  Escarp- 


ment. Silver  (1971a)  interprets  seismic  reflection  meas- 
urements along  the  continental  margin  from  Cape 
Mendocino  to  southern  Oregon  to  indicate  that  structural 
trends  and  faults  are  oriented  northwest-southeast  north 
of  Cape  Mendocino  and  more  north-  south  off  southern 
Oregon,  in  agreement  with  the  interpretation  of  focal 
mechanisms  of  Bolt  et  al.  (1968)  and  Seeber  et  al.  (1970). 
However,  Silver  (1971b)  indicates  that  faults  and  struc- 
tures in  the  Gorda  Basin  south  of  the  eastward  extension 
of  the  Blanco  fracture  zone  are  oriented  generally 
northeast-southwest,  and  suggests  the  alternate  solution 
of  the  focal  mechanisms  of  Bolt  et  al.  (1968)  may  reflect 
the  tectonics  of  the  Gorda  Basin. 
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Figure  4.     Fault  plane  solutions  of  coastal  and  offshore  earthquakes  of  northern  California  and  southern  Oregon.  Byerly,  1938;  Rinehart,  1964;  Tobin  and  Sykes, 
1968;  Bolt  and  others,  1968;  Seeber  and  others,  1970;  Chandra,  1974. 


GRAVITY  ANOMALIES 

Dehlinger  et  al.  (1967)  and  Dehlinger  et  al.  (1971) 
constructed  free-air  gravity  maps  of  the  area  off  northern 
California  and  southern  Oregon.  Figure  5,  compiled  from 
their  maps,  shows  the  free-air  gravity  anomalies  in  the 
region  between  39°  and  44°N  latitude  and  123°  and  130°W 
longitude.  A  relatively  narrow  positive  anomaly  oriented 
east-west  extends  westward  from  Cape  Mendocino  and  is 
associated  with  the  topographic  high  along  the  Gorda  and 
Mendocino  Escarpments.  Free-air  anomalies  decrease  to 
less  than  -60  mgal  (milligal)  immediately  north  of  the 
Gorda  Escarpment  and  west  of  the  continental  shelf  and 
to  less  than  -80  mgal  south  of  the  Mendocino  Escarpment. 
Topographic  differences  across  the  Mendocino  fracture 
zone  cause  part  of  the  negative-positive  anomaly  pair  and 
marked  density  changes  across  a  near  vertical  discontinui- 


ty in  the  crust  and  upper  mantle  cause  part  of  the  anomaly 
(Dehlinger  et  al.,  1967;  Dehlinger  et  al.,  1971).  Small, 
irregularly  shaped  negative  anomalies  on  the  continental 
shelf  near  Cape  Mendocino  suggest  deformed  sedimentary 
basins.  Some,  however,  are  associated  with  submarine 
canyons  along  the  continental  slope  and  outer  continental 
shelf  (see  figure  1).  The  long  linear  negative  anomaly 
extending  approximately  north-northeast  from  the  Men- 
docino Escarpment  between  127°  and  128°W  longitude  is 
associated  with  the  Gorda  Ridge  and  is  caused  in  part  by 
a  topographic  rift  in  the  ridge  and  low-density  upper 
mantle  rock  beneath  the  ridge.  Positive  anomalies  flanking 
the  Gorda  Ridge  are  associated  with  topographic  highs.  A 
long  negative  anomaly  of  less  than  -100  mgal  along  the 
base  of  the  continental  slope  is  attributed  to  a  sediment- 
filled  trough  and  an  abrupt  transition  between  oceanic  and 
continental  structure.  The  negative  anomalies  north  of  the 
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Figure  5.     Free-air  gravity  anomaly  map  of  the  Gorda  Ridge  and  Basin,  Mendocino  and  Gorda  escarpments  and  continental  margin  of  northern  California 
and  southern  Oregon.  Contour  interval  is  10  mgls.  After  Dehlinger  and  others,  1971. 


Gorda  Escarpment  and  along  the  base  of  the  continental 
slope  off  Cape  Blanco  are  consistent  with  down-warping 
of  the  lithosphere  of  the  Gorda  Basin.  Marked  lateral 
variations  in  the  amplitude  of  the  negative  anomaly,  par- 
ticularly off  Cape  Blanco,  suggest  deformation  or  segmen- 
tation of  the  Gorda  plate  and  changes  in  dip  of  the 
lithosphere  underthrust  beneath  the  continental  margin. 

The  free-air  anomalies  north  of  the  Mendocino  fracture 
zone  average  near  zero  and  indicate  that  isostatic  adjust- 
ment in  the  region  is  at  least  as  rapid  as  tectonic  displace- 
ment. The  region  south  of  the  Mendocino  fracture  zone 
exhibits  generally  negative  anomalies,  which  may  be  due 
to  the  older  age  and  lower  temperature  of  the  lithosphere 
south  of  the  escarpment. 


STRUCTURE  OF  THE  MENDOCINO 
ESCARPMENT 

Dehlinger  et  al.  (1967)  and  Dehlinger  et  al.  (1971) 
computed  hypothetical  crustal  and  subcrustal  cross-sec- 
tions of  the  eastern  Mendocino  Escarpment.  Figure  6 
shows  a  cross-section  (Dehlinger  et  al.,  1971),  con- 
strained by  seismic  refraction  data  (Raitt,  1963)  and  grav- 
ity measurements  (Dehlinger  et  al,  1967),  along 
127°30'W  longitude.  The  Mendocino  Escarpment  is  seen 
to  be  an  escarpment  in  the  mantle  with  a  thick  low- 
density  upper  mantle  extending  northward  from  the  es- 
carpment along  the  Gorda  Ridge.  Because  the  section  is 
based  on  two-dimensional  calculations  to  fit  the  gravity 
anomalies,  the  actual  thicknesses  of  the  low-density  upper 
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Figure  6.     Crystal  and  subcrustal  cross  section  of  the  Mendocino  escarpment  along  127°30'W  longitude.  This  section  located  along  AA'  in  Figure  1  is  consistent 
with  seismic  refraction  and  gravity  data.  After  Dehlinger  and  others,  1971. 


mantle  may  be  greater  than  shown.  In  the  computation  of 
the  section  the  gravity  data  and  bathymetric  data  were 
smoothed  to  reduce  the  local  three-dimensional  effects  of 
the  Gorda  Ridge.  The  gravity  anomaly  shown  in  Figure 
6  for  the  section  north  of  the  Mendocino  Escarpment  is 
approximately  zero.  Figure  5  shows  that  the  mapped  grav- 
ity anomalies  over  the  Gorda  Ridge  near  127°20'W  longi- 
tude are  relatively  short  in  wave-length  and  high  in 
amplitude,  but  that  between  127°  and  126°W  longitude  the 
free-air  gravity  anomalies  north  of  the  Mendocino  Es- 
carpment are  relatively  smooth  and  near  zero,  similar  to 
the  gravity  profile  along  the  crustal  section.  Hence  the 
crustal  section  is  probably  a  reasonable  representation  of 
the  structure  of  the  Mendocino  Escarpment  east  of  the 
Gorda  Ridge  between  127°  and  126°W  longitude.  Crustal 
sections  west  of  the  Gorda  Ridge  (Dehlinger  etal,  1971) 
do  not  show  the  same  structure  or  thickness  of  low-den- 
sity material  in  the  upper  mantle.  The  change  in  upper 
mantle  densities  across  the  escarpment  west  of  the  Gorda 


Ridge  may  be  attributed  to  the  change  in  age  of  the  crusi 
and  lithosphere  across  the  Mendocino  fracture  zone. 

Figure  7  shows  an  interpretation  of  the  tectonics  of  the 
Mendocino  Escarpment  suggested  by  the  Mendocinc 
crustal  and  subcrustal  cross-section.  The  northward- 
moving  crust  and  upper  mantle  of  the  Pacific  lithospheric 
plate  is  overriding  the  crust  and  low-density  mantle  of  the 
relatively  young  lithosphere  of  the  Gorda  Basin.  The  un- 
derthrust  crust  of  the  Gorda  Basin  and  the  upper  mantle 
of  the  Pacific  plate  are  in  near  vertical  contact,  consistenl 
with  the  observed  gravity  anomaly  across  the  fracture 
zone.  The  near  vertical  contact  may  be  a  consequence  oi 
the  interaction  between  the  thick,  cool  lithosphere  of  the 
Pacific  plate  and  the  relatively  thin,  warm,  easily  deforma- 
ble  lithosphere  of  the  Gorda  Basin.  A  decrease  in  the 
amplitude  of  the  positive  and  negative  gravity  anomalies 
eastward  along  the  Mendocino  fracture  zone  from  the 
Gorda  Ridge  to  126°W  longitude  suggests  that  the  contact 
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gure  7.     Mendocino  escarpment  cross  section  interpreted  from  Figure  6.  The  thin  oceanic  crust  and  low  density  upper  mantle  on  the  north  side  of  the  escarpment 
e  associated  with  the  Gorda  Ridge.  Vertical  exaggeration  is  10:1. 


;tween  the  two  lithospheres  may  become  less  vertical 
)ward  the  east.  Imbricate  crustal  structure  in  approxi- 
lately  isostatic  equilibrium  is  an  alternative  explanation 
f  the  constitution  of  the  low-density  material  beneath  the 
lendocino  Escarpment. 

Because  crust  and  mantle  densities  or  density  contrasts 
cross  the  fracture  zone  are  not  precisely  known,  the 
epth  of  penetration  of  the  crust  into  the  mantle  or  the 
stent  of  the  overthrust  is  not  well  constrained  by  the 
ravity  observations.  Magnetic  anomalies  associated  with 
:a-floor  spreading  at  the  Gorda  Ridge  (Vine,  1966) 
low  a  difference  in  length  and  orientation  between  anom- 
ly  pairs.  The  difference  in  length  between  magnetic  ano- 
lalies  east  of  the  Gorda  Ridge  and  the  corresponding 
nomaly  west  of  the  Gorda  Ridge  suggests  a  foreshorten- 
ig  of  the  crust  of  the  Gorda  Basin  of  approximately  40 
)  100  km  between  126°  and  127°W  longitude.  Silver 
1971b)  suggests  approximately  45  km  of  the  lithosphere 
f  the  Gorda.  Basin  may  have  been  thrust  beneath  the 
lendocino  fracture  zone  in  the  last  2.5  million  years  and 
(tributes  50  km  of  crustal  foreshortening  to  a  35°  to  40° 


horizontal  bending  of  the  lithosphere.  Figure  7  indicates 
approximately  40  km  of  underthrusting,  a  distance  in  rea- 
sonable agreement  with  the  foreshortening  suggested  by 
the  magnetic  anomalies.  The  interpretation  of  the  crustal 
cross  section  of  Figure  6  and  the  crustal  foreshortening 
suggested  by  the  magnetic  anomalies  imply  thrust  motion 
for  the  Mendocino  fracture  zone  between  the  Gorda 
Ridge  and  1 26°W  longitude.  The  thrust  motion  combined 
with  the  strike-slip  motion  implied  by  the  concepts  of 
plate  tectonics  (At water,  1970)  and  indicated  for  the  eas- 
ternmost end  of  the  Mendocino  fracture  zone  (Seeber  et 
al,  1970)  result  in  oblique  overthrust  of  the  Gorda  Basin 
by  the  Pacific  lithospheric  plate. 

East  of  126°W  longitude,  the  north-facing  Gorda  Es- 
carpment delimits  the  southern  end  of  the  Gorda  Basin. 
Foreshortened  sea-floor  magnetic  anomalies,  oriented 
northeast-southwest,  imply  the  overthrusting  of  the  li- 
thosphere of  the  Gorda  Basin  by  the  wide  continental 
margin  of  northern  California  south  of  the  Gorda  Escarp- 
ment, and  the  narrow  margin  north  of  the  escarpment. 
Gravity  anomalies  and  bathymetric  data  suggest  that  the 
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dip  of  the  thrust  plane  or  planes  between  the  lithosphere 
of  the  Gorda  Basin  and  the  Pacific  plate  is  considerably 
less  steep  than  it  is  west  of  126°W  longitude.  Imbrication 
of  the  underthrusting  sedimentary  and  crustal  layers  may 
also  occur  in  this  area  and  contribute  to  the  apparant 
widening  of  the  continental  shelf.  The  earthquake  studies 
of  Bolt  etal.  (1968)  and  Seeber  etal.  (1970)  clearly  show, 
however,  that  the  tectonics  of  this  area  do  not  conform  to 
a  simple  model  of  overthrust.  The  marked  change  in  bath- 
ymetry, gravity  and  tectonics  near  126°W  longitude  sug- 
gests that  the  lithosphere  of  the  Gorda  Basin  near  the 
thrust  zone  is  broken  along  a  vertical  fault  which  separates 
the  underthrust  lithosphere  into  two  segments. 

STRUCTURE  OF  THE  GORDA  RIDGE  AND 
GORDA  BASIN 

Figure  8  shows  a  crustal  and  subcrustal  cross  section 
along  41°N  latitude  from  Tufts  Abyssal  Plain  to  the  conti- 
nental margin  of  northern  California.  Seismic  refraction 
data  from  Raitt  (1963)  and  Shor  etal.  (1968)  and  gravity 
data  from  Dehlinger  et  al,  (1971)  constrain  the  model 
section.  The  empirical  relation  between  seismic  velocity 
and  rock  density  of  Nafe  and  Drake  (published  in  Talwani 
et  al.,  1961)  guided  the  selection  of  layer  densities.  It  is 
assumed  in  the  section  that  a  normal  mantle  density  in 
oceanic  provinces  away  from  active  ridges  is  3.30  gm/cm3, 
corresponding  to  a  seismic  velocity  of  8. 1  km/sec  and  that 
no  lateral  density  changes  occur  in  the  mantle  below  a 
depth  of  50  km. 

The  cross  section  shows  that  low-density  upper  mantle 
material  exists  beneath  the  Gorda  Ridge  and  Basin.  The 
mantle  densities  are  nearly  the  same  as  in  the  section 
across  the  Mendocino  Escarpment  shown  in  Figure  6. 
Identical  densities  can  be  assumed,  in  which  event  the 
thicknesses  of  the  low-density  mantle  layers  would  be 
modified  slightly.  The  distribution  of  low-density  upper 
mantle  material  appears  to  be  asymmetric  with  respect  to 
the  Gorda  Ridge.  Along  the  flanks  of  the  Gorda  Ridge, 
the  crust  is  less  than  4  km  thick.  The  crust  becomes  thick- 
er away  from  the  ridge  more  rapidly  on  the  east  side  than 
on  the  west  side.  The  thickness  of  the  crust  increases  to  35 
km  approximately  100  km  east  of  the  coast.  In  compari- 
son, the  change  from  thin  oceanic  crust  to  thick  continen- 
tal crust  along  the  continental  margins  of  Central  Oregon, 
Washington  and  British  Columbia,  as  indicated  by  the 
crustal  sections  of  Dehlinger  et  al.  (1971),  occurs  over  a 
distance  of  approximately  200  km. 

The  Gorda  Ridge  structure  consists  of  relatively  light 
crustal  rock  of  density  2.57  gm/cm3,  with  a  layer  of  sedi- 
ment of  density  1.90  gm/cm3  partially  filling  the  central 
rift  at  the  location  of  the  section.  The  rift  suggests  a  graben 
structure  with  the  central  block  down-faulted  into  light 
upper-mantle  material.  Recent  seismic  studies  (Thrasher 
and  Johnson,  1976)  and  model  studies  (Thrasher,  1977) 
of  the  Gorda  Ridge  between  42°  and  43°N  latitude  show 
the  ridge  structure  to  be  considerably  more  complex  than 


depicted  in  Figure  8  and  to  include  a  low-velocity  am 
possible  low-density  layer  beneath  the  rift  valley  of  th 
ridge. 

Figure  9  shows  a  geologic  interpretation  of  the  comput 
ed  geophysical  section  of  Figure  8.  The  crust  of  the  Gord; 
Basin  and  Tufts  Abyssal  Plain  is  assumed  to  have  formei 
along  the  Gorda  Ridge  and  moved  away  from  the  ridgi 
along  with  a  portion  of  the  upper  mantle.  The  relativel; 
thin  Tertiary  lithosphere  of  the  Gorda  Basin  dips  beneatl 
the  continental  margin  of  northern  California  (Emilia  e 
al.,  1968;  Silver,  1969,  1971a)  and  extends  beneath  th< 
Klamath  Mountains  pre-Mesozoic  crustal  complex.  Thi 
contact  between  the  oceanic  crust  and  continental  com 
plex  dips  toward  the  continent  at  an  angle  of  20°  to  30°  anc 
extends  to  an  unknown  depth. 

Focal  mechanism  studies,  regional  seismicity,  and  faults 
mapped  on  the  coastal  region  of  northern  California  sug 
gest  the  lithosphere  of  the  Gorda  Basin  near  41°N  latitude 
and  its  extension  beneath  the  continental  margin  may  be 
cut  by  strike-slip  faults.  However,  northwest-southeast- 
trending  faults  in  the  Gorda  Basin  (Sliver,  1971b)  anc 
northwest-southeast-trending  faults  along  the  continen 
tal  margin  of  northern  California  (Silver,  1971a)  are  con 
sistent  with  the  north-south  compression  of  the 
lithosphere  indicated  by  the  focal  mechanisms  shown  ir 
Figure  4.  The  thrust  fault  between  the  crust  of  the  Gorda 
Basin  and  the  continental  margin  of  northern  California 
may  decouple  the  oceanic  and  continental  lithospheres 
Hence,  the  northwest-southeast-oriented  faults  of  the 
continental  margin  (Silver,  1971a)  may  terminate  at  the 
continental  slope  or  turn  northward  parallel  to  the  slope 
to  join  the  eastward  extension  of  the  Blanco  fracture  zone 
near  42°10'N  latitude,  125°10'W  longitude.  In  a  similar 
manner  the  thrust  fault  between  the  Gorda  Basin  and  the 
continental  margin  and  oceanic  crust  south  of  the  Gorda 
and  Mendocino  Escarpments  may  decouple  the  lithos- 
pheres of  the  Gorda  and  Pacific  Basins  and  cause  the 
northern  end  of  the  San  Andreas  fault  system  (Curray  and 
Nason,  1967)  to  terminate  at  the  Gorda  Escarpment  oi 
turn  westward  parallel  to  the  Gorda  and  Mendocino  Es- 
carpments. Focal  mechanisms  of  earthquakes  in  the  Gor- 
da Basin  may  indicate  either  northwest-southeast- 
trending  faults  as  suggested  by  Byerly  (1938),  Bolt  etal 
(1968)  and  Seeber  etal.  (1970),  or  northeast-southwest- 
trending  faults  along  weaknesses  in  the  lithosphere  formed 
during  sea-floor  spreading  as  suggested  by  Silver  (1971b). 

The  relatively  steep  dip  of  the  Gorda  Basin  lithosphere 
beneath  the  continent  may  be  a  consequence  of  the  me- 
chanical difference  between  a  thin,  warm,  easily  deforma- 
ble  oceanic  lithosphere  and  a  thick,  cold,  rigid  continental 
lithosphere.  Deformation  and  rotation  of  the  Gorda  Basin 
lithosphere  (Silver,  1971b)  and  its  extension  beneath  the 
continent,  and  the  location  of  the  Blanco  fracture  zone 
may  be  consequences  of  the  northwestward  motion  of  the 
Mendocino  Escarpment  relative  to  the  Klamath  Moun- 
tains continental  complex.  Although  the  interpretations  of 
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Figure  9.     Gorda  Ridge  and  Gorda  Basin  cross  section  interpreted  from  Figure  8.  The  dip  of  the  oceanic  crust  beneath  the  lower  continental  crustal  comple> 
is  approximately  20°  to  30°.  Vertical  exaggeration  is  10:1. 


the  tectonics  and  subsequent  geologic  structures  around 
the  north  end  of  the  San  Andreas  fault  system  fit  generally 
the  precepts  of  plate  tectonics,  the  geology  and  tectonic 
processes  and  their  regional  implications  are  very  complex 
and  as  yet,  incompletely  understood. 
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THE  NORTHERN  TERMINATION  OF  THE 
SAN  ANDREAS  FAULT 

by 
Stewart  W.  Smith1  and  John  S.  Knapp1 


INTRODUCTION  AND  PLATE 
TECTONIC  SETTING 

In  late  Cenozoic  time,  the  San  Andreas  fault  must  cer- 
ainly  have  formed  a  classic  triple  junction  with  the  Men- 
docino fracture  extending  to  the  west  and  a  subduction 
cone  extending  northwest  to  Vancouver  Island.  This  ex- 
planation has  been  offered  by  McKenzie  and  Morgan 
(1969)  with  supporting  evidence  from  Atwater  (1970) 
ind  Silver  (1971).  The  major  tectonic  features  are  illus- 
xated  in  Figure  1. 

The  principal  lines  of  evidence  for  subduction  along  a 
lorthwestward  extension  of  the  present  day  San  Andreas 
fault  are  in  reflection  profiling  which  demonstrates  com- 
pressional  features,  and  the  die-out  of  magnetic  anomal- 
ies, illustrating  that  the  ocean  floor  is  disappearing 
beneath  continent  slope  sediments  at  a  rate  which  calls  for 
a  dip  of  more  than  10-15degrees  (Silver,  1971a).  That  the 
Gorda  Ridge  has  been  an  active  spreading  center  over  at 
least  the  last  10  million  years  is  also  clear,  from  the  pattern 
of  magnetic  stripes.  There  must  have  been  some  complica- 
tions, however,  in  that  the  patterns  of  magnetic  anomalies 
are  not  parallel  with  the  ridge.  The  anomalies  fan  out 
indicating  that  spreading  from  the  southern  end  of  the 
ridge  has  been  at  a  much  slower  rate  than  in  the  northern 
section  and  that  there  has  been  significant  internal  defor- 
mation of  the  Gorda  plate. 

Since  the  large  scale  geologic  picture  of  the  San  Andreas 
fault  fits  so  nicely  with  the  ideas  of  plate  tectonics,  it  is 
frustrating  that  the  present-day  seismicity  does  not  also  fit 
this  simple  picture.  The  seismological  evidence  is  summa- 
rized in  Figure  1,  illustrating  the  past  20  years  of  earth- 
quake activity  off  the  coast  of  northern  California  and 
Oregon.  Although  the  earthquake  locations  offshore  are 
not  entirely  reliable,  there  is  enough  consistency  to  con- 
clude that:  1)  the  Mendocino  fracture  zone  is  active  along 
its  entire  length  from  the  Gorda  Ridge  to  Cape  Mendo- 
cino; 2)  the  Gorda  Ridge  is  seismically  active  along  its 
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entire  length  between  the  Mendocino  fracture  and  the 
Blanco  fracture,  albeit  with  a  few  zigzags  along  the  way; 
3)  the  northwest-trending  subduction  zone,  marked  by 
the  toe  of  the  continental  slope,  is  not  seismically  active 
north  of  the  California-Oregon  border;  4)  the  Blanco 
fracture  is  active,  but  only  up  to  its  point  of  intersection 
with  the  Gorda  Ridge;  and  5)  the  Juan  de  Fuca  Ridge  is 
aseismic,  except  in  the  northernmost  region.  Thus  all  the 
major  tectonic  elements  are  behaving  almost  as  would  be 
predicted  from  rigid  plate  tectonics,  with  the  exception  of 
the  Juan  de  Fuca  Ridge  and  that  part  of  the  subduction 
zone  which  is  adjacent  to  it. 

The  other  significant  departure  from  rigid  plate  move- 
ment is  reflected  in  the  scattered  seismicity  throughout  the 
Gorda  plate.  The  presence  of  several  large  earthquakes 
(magnitude  greater  than  6)  in  the  Gorda  Basin  with  right 
lateral  northwest-trending  focal  mechanisms  led  Bolt  et 
al.  (1968)  to  postulate  that  the  Gorda  plate  was  being 
internally  deformed,  with  the  possible  next  step  in  tectonic 
evolution  being  the  breakthrough  of  the  San  Andreas  fault 
to  connect  with  the  Blanco  fracture  to  the  northwest.  The 
amount  of  seismic  activity  in  the  offshore  section  of  the 
Gorda  plate  and  also  in  the  section  of  the  plate  currently 
emplaced  beneath  the  continent  north  of  Cape  Mendocino 
leaves  little  doubt  that  the  Gorda  plate  is  breaking  up,  but 
based  on  the  data  presented  here,  it  seems  unlikely  that  the 
San  Andreas  is  breaking  through. 

An  interesting  observation  that  relates  to  the  break-up 
mechanism  was  made  by  Smith  (1976)  when  he  deter- 
mined from  an  aftershock  distribution  that  the  June  7, 
1975,  Ferndale  earthquake  broke  along  a  northeast-trend- 
ing fault  with  left-lateral  motion  on  a  nearly  vertical  fault 
plane.  It  now  appears  possible  that  several  other  earth- 
quakes in  the  Gorda  plate  previously  assumed  to  be  north- 
west and  right-lateral  are  actually  northeast  and 
left-lateral.  Silver  (1971b)  was  the  first  to  suggest  this 
possibility,  based  on  topographic  features  trending 
northeastward  in  the  Gorda  Basin  which  he  interpreted  to 
be  faults.  On  the  other  hand,  the  surface  geology  of  the 
onshore  region  has  its  principal  structural  grain  in  a 
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Figure  1 .     Tectonic  features  of  the  northeast  Pacific  Ocean  including  epicenters  of  earthquakes  of  magnitude  4.5  or  greater  from  the  NOAA  catalogue  through 
1976.  The  unidentified  ridge  and  transform  fault  just  south  of  the  Queen  Charlotte  fault  are  the  Dell  wood  Knolls  and  the  Paul  Revere  fracture  zone,  respectively. 
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lorthwesterly  direction,  with  some  features  wrapping 
iround  to  the  west  in  the  vicinity  of  Cape  Mendocino. 
some  of  these  northwest-trending  faults  appear  to  have 
lad  Holocene  displacement  (Hamilton,  1975)  and  at  least 
me  significant  earthquake,  the  December  21,  1954,  mag- 
litude  6.5  shock,  appears  to  have  been  associated  with 
hese  faults  (the  Mad  River  zone). 

Thus  the  overall  picture  is  of  the  Gorda  plate  with  a 
jredominantly  northeast  and  left-lateral  sheared  struc- 
ure  being  emplaced  beneath  the  continental  margin  with 
ts  predominantly  northwest  and  right-lateral  faulting.  It 
s  the  presence  of  the  Gorda  plate,  the  current  configura- 
:ion  of  seismicity,  and  the  historical  seismicity  that  lead  us 
:o  the  conclusion  that  the  San  Andreas  terminates  at  Cape 
Mendocino  in  a  fault-fault-trench  triple  junction. 


RELOCATION  OF  LARGE 
EARTHQUAKES,  1922-1968 

Principle  features  of  the  long-term  seismicity  are  the 
absence  of  earthquakes  on  the  northern  section  of  the  San 
Andreas  fault,  the  clustering  of  historic  earthquakes  along 
the  Mendocino  fracture  zone,  and  the  widely  scattered 
earthquakes  throughout  the  Gorda  plate  offshore  and  the 
Eureka  area  onshore.  No  clear  patterns  emerge  from  this 
Dlder  data,  partly  because  the  quality  of  earthquake  loca- 
tion solutions  in  this  region  is  particularly  bad.  This  re- 
sults principally  from  the  lack  of  station  coverage  and 
secondarily  from  large  lateral  variations  in  seismic  veloc- 
ity that  exist  here  as  a  result  of  the  subduction  process.  It 
is  not  generally  recognized,  but  earthquake  locations  in 
this  region,  even  as  late  as  the  1950's,  may  be  in  error  by 
as  much  as  50  km. 

In  an  attempt  to  address  this  problem,  all  of  the  older 
earthquakes  with  magnitudes  above  6.0  were  relocated 
using  the  Joint  Epicenter  Determination  (JED)  method 
as  described  by  Dewey  (1971,  1972).  Due  to  station  and 

Table  1.  Relocated  historical  earthquakes. 


path  effects,  teleseismic  locations  of  earthquakes  are  sub- 
ject to  biases  that  depend  upon  the  network  of  receiving 
seismographic  stations.  For  a  compact  group  of  epicenters 
in  which  the  combined  path-station  corrections  are  con- 
stant for  each  station  the  location  biases  will  be  the  same. 
The  JED  method,  by  simultaneously  solving  for  a  set  of 
epicenters,  origin  times,  and  path-station  corrections  rela- 
tive to  a  "calibration  event,"  minimizes  the  mislocation  of 
earthquake  epicenters  relative  to  one  another. 

The  initial  station  arrival  times  for  earthquakes  were 
taken  from  the  International  Seismological  Summary,  the 
Bulletin  of  the  International  Seismological  Centre,  and 
from  the  Earthquake  Data  Reports  prepared  by  the  Na- 
tional Oceanographic  and  Atmospheric  Administration. 
All  depths  were  held  fixed  at  the  surface  because  of  the 
lack  of  pP  phases.  Fixing  the  depth  of  focus  at  an  errone- 
ous value  may  bias  the  epicenters;  however,  restraining  the 
depth  of  a  shallow  focus  earthquake  to  the  surface  will 
primarily  affect  the  origin  time  and  not  the  epicenter  or 
station  corrections.  This  is  because,  for  shallow  events, 
changes  in  depth  are  nearly  linearly  dependent  on  changes 
in  origin  time.  The  June  7,  1975,  magnitude  5.2  Ferndale 
earthquake,  whose  epicenter  was  located  to  an  accuracy  of 
one  kilometer  by  the  high-resolution  Eureka  seismo- 
graphic network,  was  selected  as  the  "calibration  event." 
Only  the  largest,  well-recorded  earthquakes,  all  of  magni- 
tude 5  or  greater,  that  probably  occurred  within  a  radius 
of  about  65  km  of  the  Ferndale  epicenter  were  included  in 
the  relocation  process.  Table  1  lists  these  sixteen  earth- 
quakes, all  of  which  have  occurred  since  1922. 


The  sixty  seismographic  stations  used  in  the  investiga- 
tion were  as  well  distributed  in  azimuth  as  possible  and 
were  all  at  distances  between  2°  and  1 50°.  Unfortunately, 
the  Australian  stations  were  located  at  an  epicentral  dis- 
tance of  105°  and  did  not  have  reliable  first  arrivals,  leav- 
ing Hawaii  as  the  sole  station  in  the  Pacific.  This  station 
distribution  introduced  a  slight  bias  in  the  epicenter  loca- 


Event 

Date 

Magnitude 

Latitude 

Longitude 

Weighted 

Quality* 

Number 

Standard 

ML 

°N 

°W 

Error 

1  + 

June    7,  1975 

5.2 

40.51 

124.27 

0.88 

A 

2 

Jan.  31,  1922 

7.3 

40.87 

125.35 

2.11 

C 

3 

Jan.  22,  1923 

7.2 

40.80 

124.05 

1.39 

B 

4 

June    6,  1932 

6.4 

40.87 

124.02 

2.43 

C 

5 

July    6,  1934 

6.5 

41.25 

125.42 

1.34 

C 

6 

Oct.    3,  1941 

6.4 

40.54 

125.00 

1.28 

A 

7 

Aug.  18,  1948 

5.0 

40.37 

124.33 

1.91 

D 

8 

Oct.    8,  1951 

5.8 

40.35 

124.60 

0.36 

A 

9 

Nov.  25,  1954 

6.3 

40.48 

125.46 

1.52 

A 

10 

Dec.  21,  1954 

6.5 

40.94 

123.79 

2.12 

B 

11 

June    6,  1960 

5.5 

40.87 

124.50 

2.06 

B 

12 

Apr.     6,  1961 

5.5 

40.49 

124.81 

1.52 

B 

13 

Dec.  10,  1967 

5.7 

40.56 

124.58 

1.81 

B 

14 

June  26,  1968 

5.0 

40.16 

124.06 

2.06 

D 

15 

Feb.  27,  1971 

5.3 

40.36 

124.71 

1.65 

C 

16 

Aug.     9,  1973 

5.0 

40.35 

124.30 

2.37 

C 

'Quality  equals  A  if  the  length  of  the  semi-major  axil  of  the  90  per  cent  confidence  ellipse  it  less  than  25  km,  B  if  the  axis  is  between  26  and  30  km  long,  C  if  between  31  and 
38  km,  and  D  if  the  axis  is  greater  than  3d  km  long. 
Calibration  event 
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RELOCATED  EPICENTERS  FOR  HISTORICAL  EARTHQUAKES 

Figure  2.     Epicenters  of  relocated  historical  earthquakes  in  the  Cape  Mendocino  region.  Event  1  is  the  Ferndale  calibration  event  (see  Table  1). 


tions,  evidenced  by  an  ellipticity  of  about  0.45  in  the 
southwest-northeast  oriented  90  per  cent  confidence  el- 
lipses. Typically,  seven  earthquakes  were  recorded  at  each 
station,  with  no  station  having  fewer  than  two.  Several 
stations  recorded  all  sixteen  events. 

In  contrast  to  experience  in  some  other  regions,  the  use 
of  close-in  stations  (less  than  20°)  appeared  to  improve 
the  quality  of  the  solutions.  The  average  number  of  station 
arrivals  for  each  earthquake  was  27.  Typically,  about 
twelve  of  these  were  in  common  with  the  Ferndale  calibra- 
tion event.  Estimates  of  epicenters  and  station  delays  rap- 
idly converged  within  six  iterations  of  JED.  Between  the 
fifth  and  sixth  iteration,  epicentral  locations  differed  by 
less  than  three  kilometers  and  station  corrections  differed 
by  not  more  than  0.05  seconds.  That  the  relative  precision 


of  the  epicenters  was  quite  good  was  indicated  by  the  less 
than  5  km,  and  generally  less  than  1  km,  shift  in  epicenters 
when  different  groups  of  earthquakes  were  simultaneously 
located  relative  to  the  same  calibration  event.  Further- 
more, when  the  calibration  event  was  shifted  the  entire 
group  of  relocated  epicenters  was  accordingly  shifted,  and 
when  a  different  earthquake  was  used  as  the  calibration 
event  and  then  shifted  in  position,  the  same  relative  pat- 
tern of  epicenters  was  preserved. 

The  relocated  epicenters  of  the  historical  earthquakes 
illustrated  in  Figure  2  typically  moved  20  km  east  and  10 
km  north  of  the  originally  published  locations.  This  con- 
sistent shift,  combined  with  the  fact  that  the  Ferndale 
event  is  accurately  located,  suggests  that  the  earlier 
teleseismic  epicenters  were  plagued  by  a  systematic  bias. 


1980 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


157 


The  present  epicentral  locations,  computed  with  the 
Herrin  (1968)  tables,  jointly  produced  a  ratio  of  the  sum 
of  the  squares  of  the  weighted  residuals  to  the  number  of 
degrees  of  freedom  of  3.62  with  the  length  of  the  semi- 
major  axis  of  the  90  per  cent  confidence  ellipses  around  25 
km.  Although  the  confidence  ellipses  were  not  as  small  as 
those  obtained  by  Cardwell  and  Isacks  (1976)  when  they 
used  JED  for  relocating  a  Chinese  earthquake  series,  the 
new  epicenters  were  more  precise  than  most  of  the  previ- 
ous ones  which  had  been  located  to  an  accuracy  of  only 
half  a  degree.  The  decrease  in  the  weighted  standard  error 
of  the  station  residuals  showed  that  the  JED  relocations 
were  clearly  more  precise  and,  as  a  result  of  the  minimiza- 
tion of  any  path-station  anomaly  biases,  should  be  more 
accurate.  Unfortunately,  while  JED  may  be  the  best  math- 
ematical procedure  to  determine  the  "absolute  truth"  as 
to  where  these  historical  earthquakes  were,  the  possibility 
that  the  results  may  still  be  inaccurate  cannot  be  ruled  out. 


westward  to  join  the  Gorda  Escarpment.  Nowroozi 
(1973)  located  this  earthquake  and  its  aftershock  se- 
quence in  the  oceanic  crust  just  offshore  with  the  aid  of 
data  from  an  ocean  bottom  seismometer  220  km  south  of 
the  Mendocino  fracture.  Because  the  Ferndale  calibration 
event  occurred  within  the  subducted  Gorda  plate  and 
since  all  hypocenters  were  restrained  to  the  earth's  sur- 
face, earthquakes  in  the  oceanic  crust  west  of  the  downgo- 
ing  lithospheric  slab  would  have  negative  relative  travel 
time  residuals  (observed  minus  calculated).  As  a  result, 
the  JED  location  of  the  1 968  earthquake,  and  possibly  all 
the  offshore  earthquakes,  may,  because  of  the  onesided 
distribution  of  receiving  station,  be  biased  to  the  east.  A 
possible  slight  difference  in  source  conditions  such  as  this 
would  cause  a  minor  breakdown  in  the  assumptions  in- 
volved in  JED  locations;  nonetheless,  they  would  presum- 
ably still  be  as  good  or  better  than  those  locations  obtained 
from  conventional  techniques. 


Despite  any  inherent  problems  involving  the  accuracy 
of  the  results,  it  was  certainly  clear  that  the  earthquakes 
studied  could  be  partitioned  into  three  major  categories: 
1)  those  lying  along  the  Mendocino  and  Gorda  Escarp- 
ments; 2)  those  located  at  the  base  of  the  continental  slope 
in  the  Gorda  Basin;  and  3)  those  located  at  sea  and  on 
land  in  the  vicinity  of  Eureka  north  of  Cape  Mendocino. 
As  was  observed  by  Byerly  (1937),  there  was  no  apparent 
linear  alignment  of  epicenters  that  might  support  the  hy- 
pothesis that  the  San  Andreas  fault  extends  northwesterly 
out  to  sea  through  the  Gorda  Basin.  Each  of  these  three 
groups  of  earthquakes  are  discussed  below. 

As  expected,  many  of  the  relocated  earthquakes  lined 
up  along  the  Mendocino  fracture,  extending  inland  about 
20  km  (events  6,7,8,9, 1 2, 1 3, 1 5, 16) .  Two  additional  events 
(3  and  14),  which  most  likely  occurred  along  the  Gorda 
Escarpment,  appeared  to  be  erroneously  relocated. 

The  isoseismals  of  the  January  22,  1923,  earthquake 
(event  3)  imply  that  it  was  located  on  the  south  side  of 
Cape  Mendocino,  but  our  solution  showed  it  20  km  east 
of  Eureka.  In  case  of  such  an  inconsistency  between  the 
isoseismals  and  teleseismic  data,  we  conclude  that  the 
isoseismals  give  a  better  indication  of  where  the  earth- 
quake actually  occurred.  Because  the  standard  deviation 
of  the  arrival  times  seemed  to  be  progressively  greater  for 
older  earthquakes,  it  is  likely  that  these  errors  in  the  P 
arrival  times  overwhelmed  the  effects  of  path-station  ano- 
malies accounted  for  by  the  JED  method  and  resulted  in 
an  independently  poor  location.  The  size  of  the  90  per  cent 
confidence  ellipse  was  grossly  underestimated  because  so 
many  of  the  poor  arrivals  were  "weighted  out."  Why  this 
particular  earthquake  was  mislocated  by  as  much  as  80 
km  remains  an  enigma  which,  consequently,  casts  some 
doubt  on  the  reliability  of  any  of  the  older  epicenters 
teleseismically  located  in  this  region. 

The  June  26,  1968,  earthquake  (event  14)  was  relocated 
on  land  near  where  the  San  Andreas  fault  reaches  north- 


The  earthquakes  of  July  6,  1934,  and  January  31,  1922 
(events  5  and  2,  respectively),  were  relocated  near  the 
base  of  the  continental  margin  in  the  Gorda  Basin.  The 
new  epicenter  of  the  1922  event  coincided  quite  well  with 
the  graphical  location  obtained  by  Macelwane  (1923),  as 
did  the  epicenter  of  the  1934  quake  with  the  location 
obtained  by  Byerly  (1937). 

The  third  major  group  of  epicenters  is  north  of  Cape 
Mendocino  onshore  and  offshore  near  Eureka.  There  was 
a  general  lack  of  any  correlation  between  these  earth- 
quakes and  the  major  surface  faults — the  epicenters  were 
randomly  scattered  over  the  region. 

Although  the  isoseismal  pattern  (Sparks,  1936)  for  the 
June  6,  1932,  earthquake  (event  4)  was  in  reasonable 
agreement  with  the  JED  location,  observations  by  a  fisher- 
man at  sea  indicated  that  the  true  epicenter  may  have  been 
slightly  more  to  the  west  and  off  the  coast.  This  relocation 
may  have  been  subject  to  the  eastward  bias  previously 
discussed;  nonetheless,  the  true  epicenter  is  most  likely 
contained  witin  the  error  bounds. 

Relocation  of  the  December  21,  1954,  earthquake 
(event  10)  placed  the  epicenter  in  the  Mad  River  zone 
series  of  parallel  faults,  in  agreement  with  the  epicenter  of 
Tobin  and  Sykes  (1968)  and  with  recent  authors,  such  as 
Hamilton  (1975),  who  believe  that  this  earthquake  is  in- 
deed associated  with  this  fault  zone. 

In  summary,  the  largest  historical  earthquakes  in  the 
Cape  Mendocino  area  are  either  clustered  along  the  Men- 
docino fracture  or  are  scattered  over  the  Gorda  basin  and 
the  adjacent  coast  north  of  the  Cape.  It  is  clear  that  even 
the  best  teleseismically  determined  epicenters  for  this  re- 
gion are  prone  to  inaccuracies  that  may  be  in  excess  of  50 
km  and  must  be  interpreted  with  caution.  Because  of  the 
lack  of  adequate  station  coverage,  coupled  with  the  tecton- 
ic complexity  of  the  region,  it  seems  unlikely  that  histori- 
cal earthquakes  can  be  relocated  with  sufficient  precision 
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to  unambiguously  resolve  the  problem  of  whether  or  not 
the  San  Andreas  fault  is  breaking  through  the  Gorda 
plate.  The  good  correlation  of  older  earthquakes  with  the 
Mendocino  fracture  zone,  however,  leads  to  the  conclu- 
sion that  the  remainder  of  the  sixteen  largest  earthquakes 
over  the  past  55  years  are  scattered  over  the  Gorda  plate 
and  do  not  lie  along  a  northwesterly  extension  of  the  San 
Andreas. 


DETAILED  SEISMICITY  NORTH 

OF  THE  MENDOCINO 
TRIPLE  JUNCTION,  1974-1977 

In  recent  years,  the  Pacific  Gas  and  Electric  Company 
has  operated  a  seismic  network  in  the  Eureka  area  which 
provides  precision  control  on  hypocenters  in  the  onshore 
region  from  Cape  Mendocino  north  to  Trinidad  Head. 
Seismic  results  from  this  network  have  been  discussed  by 
Smith  (1975).  The  principal  feature  revealed  in  this  data 
that  has  a  bearing  on  the  termination  of  the  San  Andreas 
fault  is  the  existence  of  a  concentrated  band  of  seismicity 
extending  back  underneath  the  continent  at  a  dip  of  about 
1 5  degrees.  This  zone  is  illustrated  in  plan  view  by  Figure 
3  and  in  cross  section  by  Figure  4 (a,b,c,d) .  It  appears  very 
similar  to  Benioff  zones  seen  in  other  subduction  regions, 
except  that  the  level  of  activity  dies  off  rapidly  as  one 
proceeds  north  along  the  continental  margin.  The  seis- 
micity is  apparently  confined  to  the  upper  section  of  the 
underthrust  Gorda  plate  because  of  temperature  and  pres- 
sure conditions.  This  can  be  seen  in  detail  in  the  set  of 
east-west  cross  section  Figure  4(a,b,c)  which  sample  dif- 
ferent sections  of  the  continental  margin  going  north  from 
Cape  Mendocino.  Both  the  top  and  bottom  of  this  shallow 
dipping  seismic  layer  show  a  rather  sharp  boundary.  The 
total  thickness  is  about  12  km.  There  is  no  direct  evidence 
for  a  change  in  material  properties  coincident  with  this 
seismic  layer,  the  top  of  which  goes  from  a  depth  of  about 
1 2  km  near  the  coast  line  to  about  30  km  under  the  coast 
ranges.  The  average  crustal  velocity  model  determined 
from  simultaneous  solutions  for  earthquake  hypocenters, 
station  corrections,  and  layer  velocities  shows  a  transition 
from  5.8  km/sec  to  7.0  km/sec  at  a  depth  of  17  km 
(Knapp,  1976).  Since  this  is  an  average  characterization 
over  the  entire  region  shown  in  Figure  3,  it  is  not  unrea- 
sonable to  associate  it  with  the  top  of  the  seismic  layer,  and 
thus  with  the  top  of  the  buried  oceanic  crust. 

The  complex  zones  of  seismicity  seen  in  both  map  view 
and  cross  section  appear  to  be  the  result  of  conjugate 
fracture  zones  primarily  in  the  buried  oceanic  crust.  As  a 
result,  there  seems  to  be  very  little  correspondence 
between  the  surface  geology  and  the  overall  seismic  pat- 
terns. The  hiatus  in  activity  above  the  dipping  slab  and 
below  a  depth  of  10  or  11  km  is  a  pervasive  feature 
throughout  the  region.  It  was  suggested  by  Smith  (1976) 
that  this  may  represent  the  temperature  pressure  regime 


where  plastic  deformation  or  stable  sliding  may  take  place, 
as  exists  in  other  parts  of  California,  thus  providing  a 
decoupling  layer  between  the  continental  crust  and  the 
subducted  plate.  Cross  section  D-D'  shown  in  Figure  4d 
is  a  view  looking  toward  the  Gorda  plate.  Because  subduc- 
tion is  taking  place  towards  the  viewer  in  this  section,  the 
top  of  the  seismic  zone  appears  horizontal  and  the  zone 
appears  slightly  more  diffuse.  This  view  also  illustrates  the 
presence  of  faults  in  both  the  subducted  plate  and  the 
overlying  continental  crust.  In  general,  the  three-dimen- 
sional alignments  of  these  zones  of  seismic  activity  fit  quite 
well  with  composite  focal  mechanisms.  Virtually  all  such 
mechanisms  show  strike-slip  faulting  on  nearly  vertical 
fault  planes  with  a  variety  of  strike  directions. 


Seismic  activity  clearly  dies  out  as  one  goes  north  of 
Eureka.  This  is  not  an  effect  of  network  detection  capabili- 
ty, because  the  northernmost  station  is  just  north  of  lati- 
tude 41°.  Likewise,  the  activity  dies  out  as  one  goes  into 
the  Coast  Ranges,  with  station  coverage  out  to  123°45'. 
Conversely,  the  apparent  die-off  of  activity  in  the  offshore 
area  and  to  the  south,  as  seen  in  Figure  3,  is  only  the  result 
of  lack  of  station  coverage. 


It  seems  reasonable  to  ascribe  the  lack  of  activity  inland 
to  the  fairly  young  age  of  the  Gorda  plate  at  this  point 
(perhaps  less  than  10  million  years)  and  the  slow  rate  of 
subduction  (perhaps  only  a  centimeter  or  two  per  year 
relative  movement  between  the  Gorda  and  North  Ameri- 
can plates  here) .  It  is  more  difficult  to  understand  why  the 
seismicity  dies  out  as  one  goes  north  of  Eureka.  It  may  be 
that  spreading  on  the  Juan  de  Fuca  Ridge  has  temporarily 
ceased,  and  subduction  as  well,  at  least  on  the  section  of 
the  Pacific  Coast  zone  that  is  adjacent  to  the  Juan  de  Fuca 
Ridge.  In  this  view,  it  is  the  stresses  due  to  edge  effects  at 
the  triple  junction  that  are  responsible  for  concentrating 
the  present-day  seismicity  near  the  southern  edge  of  the 
Gorda  plate.  This  interpretation  is  guided,  in  part,  by  the 
fact  that  virtually  all  of  the  focal  mechanisms  determined 
here  are  strike-slip  on  nearly  vertical  fault  planes.  This  is 
quite  a  different  situation  than  one  would  expect  on  a  fully 
active  subduction  zone. 


Other  difficulties  arise,  however,  if  one  calls  for  a  halt 
to  spreading  on  the  Juan  de  Fuca  Ridge  and  thus  to  sub- 
duction beneath  the  Pacific  Northwest.  This  is  because  the 
activity  on  the  Blanco  fracture  zone  and  on  the  Sovanco 
fracture  zone  appears  to  stop  at  their  intersection  with  the 
Juan  de  Fuca  Ridge,  just  as  it  should  if  the  ridge  were 
active.  If  the  ridge  were  temporarily  quiescent,  it  would 
require  the  fracture  zones  on  either  end  to  break  through 
to  the  east  and  west,  reactivating  the  aseismic  sections  of 
these  transform  faults.  The  alternative  would  be  to  take  up 
the  motion  locally  at  the  ridge-fault  intersection  by  means 
of  plastic  deformation  and  wrinkling,  which  seems  the 
most  likely  possibility  in  light  of  the  sea  floor  topography 
and  the  deformed  magnetic  anomalies  present  here. 


1980 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


159 


160 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  140 


Depth    (km) 


o 


o 

C\J 


o 

ro 


O 


© 


o 


o. 


oJ 


CD 

a> 

E 
o 


0 


e 
0 

o 


0      0 


O 


© 


o 


o 


0 


a 

"5   E 
l«o 

ii  oi 


u    a> 

4)     £ 

2  o 

c 

0  « 

-o  -S 

0)     J, 

1  5- 
o  » 

Q.   O 

£  J= 
°   a 

-5  -o 

5   o 


c  5- 

■*    E 


*    a 


?* 


z  a 

~d      g  j> 

I       n   a 

CX      SI 

a 

I 1  CN    ^ 

I—  ""    — 

1  s 

o    « 

z  £ 
*>  ts 

ii 


O 

UJ 
CO 

CO 

CO 

o 

CJ 


I 

UJ 


Qe© 


J 


<  .2 


w*  — 

o  P 

u  c 

"5  .2 

•«  o 

a>  a! 

a 


u-     > 


1980 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


161 


Depth    (km) 


O 

CVJ 


o 


O 


CD 


o„ 


oJ 


to 

w 

© 

E 
o 


O 


+ 


© 


0 


© 

00 


A 


0 


0O0 


H 


e@0£ 


r-    ©e> 


D 


CD 


+      H 


00 

I 
QD 


UJ 
(O 

o 


i 

UJ 


S 

o 

« 

T    E 

3     "* 

o  m 

Jo 

s* 

O   £ 

£  -2 
So 

p  „> 


°  s 
s  ° 


°    a. 

V     4> 


0  x 

^    E 

1  a 

4)     o 

c    "> 

P 
i"  E 


in  -o 

CM     ° 

o    * 


H 

-o  t; 

"7     ° 

7-  « 

">     O 

O   - 


1    § 


J  .2 


J 


o   t 

s  S 


°   o 
"5  £ 


Z     4) 

o>  _o 


162 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  140 


Depth   (km) 


O 

CVJ 


o 

ro 


O 


O 


o_ 


oJ 


w 

o> 
a> 

E 
o 


0 


0 


O  0 


0  0 


0 


* 

c 
o 

E 


0 
0 

^0         o 

0       G 

o      o 


c 
o 


o 
0 

0 


o 


00 


I 
c_) 


CJ 
UJ 
CO 

CO 

CO 

o 
a: 

CJ 


I 

UJ 


7-  • 
o  8 


O    K 

C      3 

E    8 

j>t   a 

SB 


J.  x 

o  ~E 
«  »- 

c    o 

=  2 

c    a 


O  .2 

o  2 

a>  a> 

«.  o 

«.  x 

u  o 

u 

o  s 

.H  5; 


O 


J 


g>_o 
IT   a 


80 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


163 


Depth  (km) 


o         o         o         o 
—  cvi  ro  ^f 


0 


q 


©    °  ©opi 


% 


o 


o 


*    P 


c  <i 
O  £ 
"5.  o 

-s  "P 


01     o 


o    4> 

-p  «, 


«>  J; 

«  > 

4>  "3 

•£  "-1 

—  V 
O  ■£ 
4>  - 

-  § 


o  — 

o  E 

■—  3 

c  X 


«  3 
c   2 

o  £ 
£■£ 

f   o 

W     ■    rsi 
i—      4)    Ol 

"?!  o 

>     4>     5 

£  §  s 

Tf     N   ja 

S-S  s 

£    -O      3 

1)      3     U 

Z    -C      41 

°^  a  5 
e  2  £ 

2   o   o. 

^41 
"*   "D 


LU     4> 

CM 

CN 
1/5 


L 


_L       J 


I. if 

A    !    E 

I  §  I 


2  S   X 

"    ••=      3 
U      4)      41 

■^    at  jo 
>     x    J2 

J>  o 

3  S« 

«    J    S 

5.   >    2- 


.?  o 

U-     c 


164 


CALIFORNIA  DIVISION  OF  MINES  AND  GEOLOGY 


SR  140 


CONCLUSIONS 


The  principal  conclusion  is  that  the  San  Andreas  fault 
terminates  at  Cape  Mendocino  in  a  stable  triple  junction 
intersecting  with  the  active  Mendocino  fracture  zone  and 
a  temporarily  quiescent  subduction  zone.  It  does  not  ap- 
pear that  the  San  Andreas  fault  is  breaking  through  the 
Gorda  plate. 

The  primary  evidence  on  which  this  conclusion  is  based 
is:  1 )  the  presence  of  a  shallow  dipping  Benioff  zone  just 
north  of  Cape  Mendocino  which  appears  to  outline  the 


subducting  Gorda  plate;  2)  ample  geologic  evidence  foi 
subduction  of  the  Juan  de  Fuca  plate  during  the  past  1C 
million  years;  and  3)  the  absence  of  any  northwest  trend; 
in  epicenters  of  larger  earthquakes  in  the  Gorda  plate  ovei 
the  past  half  century. 


As  far  as  the  next  step  in  tectonic  evolution  of  this  pan 
of  the  northeast  Pacific  is  concerned,  it  would  seem  that 
the  Mendocino  fault  must  accommodate  to  a  new  pole  oi 
rotation  for  the  Juan  de  Fuca  plate  by  undergoing  oblique, 
subduction,  and  that  some  type  of  spreading,  or  equivalent 
deformation,  must  also  occur  in  the  Pacific  plate  west  oi 
the  Gorda  Ridge. 


REFERENCES 


Atwater,  T.,  1970,  Implications  of  plate  tectonics  for  the  Cenozoic 
tectonics  of  western  North  America:  Geological  Society  of 
America  Bulletin,  v.  80,  p.  3513-3536. 

Bolt,  B.A.,  Lomnitz,  C,  and  McEvilly,  T.V.,  1968,  Seismological  evi- 
dence on  the  tectonics  of  central  and  northern  California  and  the 
Mendocino  Escarpment:  Bulletin  of  the  Seismological  Society  of 
America,  v.  58,  p.  1725-1767. 

Byerly,  P.,  1937,  Earthquakes  off  the  coast  of  northern  California: 
Bulletin  of  the  Seismological  Society  of  America,  v.  27,  p.  73-96. 

Cardwell,  R.K.,  and  Isacks,  B.L,  1976,  Investigation  of  the  1966 
earthquake  series  in  northern  China  using  the  method  of  joint 
epicenter  determination:  Bulletin  of  the  Seismological  Society  of 
America,  v.  66,  p.  1965-1982. 

Dewey,  J.W.,  1971,  Seismicity  studies  with  the  method  of  joint 
hypocenter  determination,  Ph.D.  Dissertation,  University  of  Cali- 
fornia, Berkeley. 

,  1972,  Seismicity  and  tectonics  of  western  Venezuela:  Bulle- 


tin of  the  Seismological  Society  of  America,  v.  62,  p.  171 1-1751. 

Hamilton,  D.,  1975,  Geology  of  the  Humboldt  Bay  region,  unpub- 
lished report  to  the  Pacific  Gas  and  Electric  Co.,  San  Francisco, 
California. 

Herrin,  E.,  1968,  1968  seismological  tables  for  P  phases:  Bulletin  of 
the  Seismological  Society  of  America,  v.  58,  no.  4,  p.  1 193-1241. 

Knapp,  J.,  1976,  Velocity  changes  associated  with  the  Ferndale 
earthquake,  M.S.  thesis,  University  of  Washington. 

McKenzie,  D.P.,  and  Morgan,  W.J.,  1969,  The  evolution  of  triple 
junctions:  Nature,  v.  224,  p.  125-133. 


Macelwane,  J.B.,  1928,  A  study  of  the  relation  between  the  periods 
of  elastic  waves  and  the  distance  traveled  by  them,  based  upon 
the  seismographic  records  of  the  California  earthquake,  January 
31,  1922:  Bulletin  of  the  Seismological  Society  of  America,  v.  8, 
p.  13-69. 

Nowroozi,  A. A.,  1973,  Seismicity  of  the  Mendocino  Escarpment  and 
the  aftershock  sequence  of  June  26,  1968  —  Ocean  bottom 
seismic  measurements:  Bulletin  of  the  Seismological  Society  of 
America,  v.  63,  no.  2,  p.  441—456. 

Silver,  E.A.,  1971a,  Transitional  tectonics  and  late  Cenozoic  struc- 
ture of  the  continental  margin  off  northernmost  California:  Geo- 
logical Society  of  America  Bulletin,  v.  82,  p.  1-22. 

,  1971b,  Tectonics  of  the  Mendocino  triple  junction:  Geologi- 


cal Society  of  America  Bulletin,  v.  82,  p.  2965-2978. 

Smith,  S.W.,  1975,  Humboldt  Bay  Seismic  Network,  unpublished 
report  to  the  Pacific  Gas  and  Electric  Co.,  San  Francisco,  Califor- 
nia. 

,  1976,  Seismicity  north  of  Cape  Mendocino:  Seismological 


Society  of  America,  annual  meeting,  abstracts,  Edmonton,  Alber- 
ta, Canada. 

Sparks,  N.R.,  1936,  The  Eureka  earthquake  of  June  6,  1932:  Bulletin 
of  the  Seismological  Society  of  America,  v.  26,  p.  13-27. 

Tobin,  D.G.,  and  Sykes,  L.R.,  1968,  Seismicity  and  tectonics  of  the 
northeast  Pacific  Ocean:  Journal  of  Geophysical  Research,  v.  73 
p.  3821-3845. 

Tocher,  D.,  1956,  Earthquakes  off  the  north  Pacific  coast  of  the 
United  States:  Bulletin  of  the  Seismological  Society  of  America 
v.  46,  p.  165-173. 


ESTIMATED  DAMAGE  CAUSED  BY  GREAT  EARTHQUAKES  ON 
THE  SAN  ANDREAS  FAULT  IN  NORTHERN  CALIFORNIA 


by 


John  A.  Blume1,  and  Andrew  B.  Cunningham2 


INTRODUCTION 


ANALYTICAL  METHODS 


We  are  often  reminded  of  the  ever-present  earthquake 
lazard  in  northern  California  by  descriptions  of  great 
arthquakes  that  occur  from  time  to  time  in  other  parts  of 
he  world.  The  greatest  potential  source  of  earthquakes  in 
lorthern  California  is  the  San  Andreas  fault,  not  only 
•ecause  earthquakes  occur  frequently  along  it  but  also 
>ecause  the  fault  has  the  potential  for  producing  earth- 
luakes  as  large  as  the  largest  that  has  ever  been  recorded, 
rwo  aspects  of  earthquakes  that  are  of  great  concern  to 
he  general  population  are  property  damage  and  loss  of 
ife.  In  the  following  discussion  we  shall  consider  the  prob- 
em  of  property  damage  in  northern  California  (north  of 
jorman)  due  to  future  major  earthquakes  on  the  San 
\ndreas  fault. 


ESTIMATING  EARTHQUAKE  EFFECTS 

There  are  several  ways  in  which  future  earthquake  in- 
ensity  and  therefore  damage  can  be  estimated.  They  all 
all  into  two  categories:  analytical  and  empirical.  Analyti- 
:al  methods  of  estimating  future  earthquake  damage  are 
?ased  on  fundamental  physical  laws  of  motion,  properties 
)f  materials,  and  principles  of  earthquake  engineering  de- 
veloped during  years  of  observation  and  research.  One  of 
:he  major  objectives  in  earthquake  engineering  research 
nas  been  to  predict  the  characteristics  of  ground  shaking 
it  a  given  site  for  a  future  earthquake  so  that  structures 
and  facilities  at  the  site  can  be  designed  to  minimize  prop- 
erty damage  and  loss  of  life  in  future  earthquakes.  Most 
recent  theories  developed  for  this  purpose  use  an  analyti- 
cal approach.  They  make  use  of  instrumental  measure- 
ments of  past  earthquakes  and  consider  probability  and 
magnitude  of  future  earthquakes  as  well  as  attenuation 
and  site  effects.  These  considerations  have  for  some  time 
been  applied  to  the  design  and  construction  of  important 
structures  in  earthquake-prone  regions. 
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In  analytical  techniques  the  magnitude  and  location  of 
the  future  earthquake  is  first  estimated.  This  can  be  a 
statistical  estimate  utilizing  the  recorded  earthquake  his- 
tory of  the  area,  or  it  can  be  based  on  geologic  factors  such 
as  the  characteristics  of  the  causative  fault  and  frequency 
of  movements  on  it.  Attenuation  of  earthquake  ground 
motion  as  a  function  of  distance  from  the  source  is  cal- 
culated using  one  of  several  equations  that  have  been 
derived  from  hundreds  of  instrumental  observations.  Thus 
an  estimate  of  earthquake  ground  motion  at  a  site  located 
at  a  given  distance  from  the  source  of  an  earthquake  of 
given  magnitude  is  obtained.  Usually  this  ground  motion 
is  specified  in  terms  of  peak  ground  accleration,  but  parti- 
cle velocity  is  also  often  used. 

Ground  motions  at  the  point  of  interest  can  be  predict- 
ed to  account  for  effects  of  local  soil  properties,  although 
the  accuracy  of  current  methods  used  to  calculate  re- 
sponse of  surficial  materials  has  not  been  fully  document- 
ed. A  response  spectrum  is  obtained  either  from 
theoretical  calculations,  by  using  spectra  calculated  from 
actual  strong  ground  motion  recordings,  or  by  using 
probabilistic  models  of  smoothed  spectra. 

Utilizing  the  peak  level  of  earthquake  ground  motion, 
the  response  spectra,  and  the  estimated  duration,  the  re- 
sponse of  and  damage  to  a  building  can  be  estimated  if  its 
important  structjural  dynamic  characteristics  are  known. 
Although  this  and  similar  procedures  can  describe  the 
seismic  hazard  at  a  specific  site  in  some  detail,  they  are 
difficult  to  apply  in  a  practical  sense  to  large  areas. 

In  considering  analytical  techniques  of  estimating 
earthquake  damage,  it  is  clear  that  the  extent  of  damage 
is  affected  by  many  variables,  not  all  of  which  are  well 
understood  or  can  be  accurately  treated  by  quantitative 
methods.  This  is  true  of  estimates  of  ground  motion  char- 
acteristics as  well  as  calculations  of  building  response  to 
those  characteristics.  Because  of  these  uncertainties,  the 
present  state  of  the  art  in  earthquake-resistive  design  is 
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probably  conservative.  For  example,  if  a  building  that  has 
survived  the  1906  earthquake  is  analyzed  using  conven- 
tional current  techniques,  the  analysis  may  indicate  that 
the  building  could  not  have  survived  the  earthquake.  Be- 
cause we  know  that  the  building  did  survive,  we  can  con- 
clude that,  at  least  in  some  instances,  the  analysis 
techniques  are  conservative.  More  data  and  research  will 
resolve  these  problems  in  time. 

EMPIRICAL  METHODS 

Future  earthquake  damage  can  be  estimated  empirical- 
ly by  considering  what  the  effect  of  past  earthquakes 
would  be  upon  present-day  buildings.  If  too  small,  the 
past  earthquake  could  be  scaled  upward  by  increasing  the 
intensity.  Valuable  data  are  also  available  from  studies 
made  in  connection  with  underground  nuclear  explosions. 
For  purposes  of  damage  prediction,  the  1906  earthquake 
provides  information  on  distribution  of  intensity  for  a 
great  earthquake  on  the  San  Andreas  fault.  Empirical  or 
semi-empirical  approaches  are  used  herein  for  estimating 
future  earthquake  intensity  and  damage.  Higher  levels  of 
intensity  are  based  on,  and  are  an  indicator  of,  building 
damage.  Intensity  maps  of  the  1906  earthquake  show  Ros- 
si-Forel  intensity  (see  Appendix  A),  which  was  in  use  at 
that  time.  Today,  the  Modified  Mercalli  scale  is  used. 

VARIABLES  THAT  AFFECT  GROUND  SHAKING 

It  is  generally  agreed  that  earthquakes  in  the  western 
United  States  are  caused  by  movement  of  the  earth's  crust 
along  faults.  A  fault  such  as  the  San  Andreas  is  a  vertically 
oriented  surface  or  zone  along  which  the  rocks  have  been 
ruptured  and  displaced  many  times.  Earthquake  intensity 
is  affected  by  the  nature  of  the  fault  movement  and  rock 
failure  at  the  source  of  the  earthquake,  the  location  of  the 
site  with  respect  to  the  source  and  the  causative  fault,  the 
travel  path  followed  by  seismic  waves  from  the  source  to 
the  point  of  measurement,  and  the  site  characteristics. 
Some  specific  source  factors  that  affect  resultant  earth- 
quake ground  motion  are  the  direction  and  amount  of 
movement  on  the  fault,  focal  depth  (e.g.,  the  depth  of  the 
point  at  which  rupture  along  the  fault  surface  is  initiated), 
and  the  physical  properties  of  the  rocks  that  are  ruptured. 
As  seismic  waves  radiate  upward  and  outward  from  the 
point  of  origin,  they  are  attenuated,  with  higher  frequency 
vibrations  being  attenuated  more  rapidly  than  those  at 
lower  frequencies.  Seismic  waves  are  transmitted  upward 
from  hard  bedrock  through  softer  soil  layers  that  may 
consist  of  various  types  of  alluvium  or  weathered  material. 
Surface  materials  have  distinctly  different  properties  from 
bedrock  materials,  and  they  affect  the  character  of  the 
seismic  motions.  Some  researchers  maintain  that  soft  soils 
amplify  weak  ground  motions  but  may  attenuate  strong 
ground  motions  in  both  high-  and  low-frequency  ranges 
due  to  inelastic  deformation  of  the  soil. 

The  effect  of  surface  soil  layers  on  ground  motion  is 
determined  by  the  physical  properties  of  the  soil  layers 


and  their  lateral  and  vertical  distribution.  Surface  motion; 
may  also  be  affected  by  non-uniform  subsurface  configu 
rations.  Alluvial  sites  may  exhibit  a  resonance  of  grounc 
shaking  at  certain  frequencies  that  are  determined  by  the 
physical  properties  of  the  soils  and  the  depth  of  the  soi 
layer.  Recent  studies  also  indicate  that  topographic  con 
figuration  can  affect  ground  motion  and  that  topographic 
highs  can  cause  ground  motion  amplification. 

There  is  general  agreement  that,  other  factors  (such  a; 
distance  from  the  fault)  being  equal,  a  soft  soil  site  at  some 
distance  from  the  source  experiences  greater  intensity 
than  a  hard  soil  or  rock  site  in  an  earthquake.  This  was 
observed  at  San  Francisco  in  1906  and  has  also  been  ob 
served  in  other  locations  and  in  other  earthquakes.  Excepi 
for  size  of  the  earthquake  and  distance  from  it,  soil  condi 
tions  are  probably  the  single  most  important  factor  affect 
ing  earthquake  intensity.  In  San  Francisco  during  the 
1906  earthquake,  most  of  the  hilltop  regions  experieno 
low  intensity  resulting  primarily  in  occasional  fall  of  bricl 
chimneys.  In  comparison,  total  destruction  of  most  ma 
sonry  buildings,  except  those  well  built,  occurred  on  sol 
bayshore  soils.  Some  of  the  most  severe  damage  occurri 
on  soft  ground  almost  twice  as  far  from  the  San  Andn 
fault  as  hilltop  areas  where  damage  was  only  slight.  T 
effect  of  water  saturation  of  soil  on  shaking  and  dama; 
is  also  important  and  will  be  discussed  later  in  this  repo: 


EARTHQUAKE  INTENSITY 

Earthquake  intensity,  of  course,  has  little  to  do  with 
instrumental  measurements.  Rather,  it  involves  the  extent 
of  damage  to  objects  or  structures  within  the  zone  of 
shaking.  Generally,  the  objects  or  structures  are  man- 
made,  so  that,  in  an  uninhabited  area  affected  by  strong 
shaking  it  would  be  very  difficult  to  assign  earthquake 
intensities  using  conventional  scales.  It  is  also  readily  ap- 
parent that  the  amount  of  earthquake  damage  to  struc- 
tures depends  to  a  great  extent  upon  their  resistance  tc 
damage  by  shaking  and  ground  deformation.  For  exam- 
ple, many  large  modern  structures  have  been  carefully, 
designed  to  resist  earthquake  damage  and  have  survived 
moderate  earthquake  ground  motion  in  a  way  which  dem- 
onstrates effectiveness  of  modern  earthquake-resistant  de- 
sign. Thus,  when  comparing  damage  in  1906  to  possible 
future  damage,  differences  in  earthquake  resistance  of  the 
average  building  must  be  considered. 

We  must  also  consider  the  fact  that  buildings  of  differ- 
ent heights  are  affected  by  different  portions  of  the  vibra- 
tory ground  motion  spectrum.  Tall  buildings  respond 
principally  to  long-period  or  low-frequency  motions  neai 
the  fundamental  frequency  of  the  building  which  might 
be,  for  example,  0.3  to  0.5  cycles  per  second  (Hz).  On  the 
other  hand,  low  buildings  of  1  or  2  stories,  typically  resi- 
dential buildings,  are  little  affected  by  long-period  mo- 
tions but  respond  mostly  to  motions  with  a  frequency  o! 
about  5  to  20  Hz.  An  important  indicator  of  earthquake 
intensity  has  been  the  residential  building  masonry  chim- 
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ley.  In  many  instances,  hundreds  or  even  thousands  of 
;himneys  have  been  affected  by  strong  earthquakes.  To- 
lay,  consideration  must  be  given  to  whether  or  not  the 
:himneys  are  reinforced. 

We  are  fortunate  to  have  carefully  compiled  records  of 
ntensity  for  the  great  earthquake  of  1906.  Ground  rup- 
ure  which  accompanied  this  earthquake  extended  as  far 
lorth  as  Shelter  Cove,  which  appears  to  be  very  near  the 
lorthernmost  extension  of  the  San  Andreas  fault  on  the 
oastline,  and  as  far  south  as  San  Juan  Bautista.  The  max- 
mum  intensity  of  X  was  reported  in  only  a  few  localities. 
Ve  may  assume  that  a  future  great  earthquake  on  the  San 
Andreas  fault  will  not  cause  destruction  farther  north 
han  did  the  1906  earthquake.  Earthquakes  often  migrate 
ilong  a  fault  zone,  and  therefore  there  is  some  reason  to 
>elieve  that  the  next  great  earthquake  on  the  San  Andreas 
'ault  will  take  place  south  of  the  area  most  severely  affect- 
id  in  1906.  During  the  1906  earthquake,  the  south-central 
>ortion  of  California  escaped  strong  shaking.  This  area 
vould  undergo  much  higher  intensity  during  a  future 
;reat  earthquake  caused  by  rupture  on  the  San  Andreas 
ault  south  of  the  1906  faulting. 

In  order  to  estimate  the  intensity  of  destructive  shaking 
n  these  regions  which  escaped  the  full  effect  of  the  1906 
|uake,  the  estimates  of  earthquake  intensity  by  Evernden 
•t  aJ.  (1973)  have  been  used.  It  is  unlikely  that  structures 
hroughout  northern  California,  from  Gorman  in  the  Te- 
lachapi  Mountains  to  Oregon,  could  be  damaged  by  a 
ingle  earthquake.  If  an  earthquake  similar  to  that  of  1906 
vere  to  be  located  south  of  that  earthquake,  the  cities  in 
he  far  north  near  Eureka  would  be  less  strongly  affected 
vhile  the  southern  cities  near  Bakersfield  and  Taft  would 
>e  more  strongly  affected. 

Most  of  the  intensities  in  1906  were  determined  by  ob- 
ierving  damage  to  low-rise  residential  structures.  It  also 
nust  be  kept  in  mind  that  the  general  practice  was  to 
issign  the  highest  observed  intensity  rating  rather  than  an 
iverage  or  representative  intensity  rating.  There  are  many 
nstances  in  towns  and  cities  other  than  San  Francisco 
;vhere  buildings  located  on  former  high  ground  or  on 
'ocky  ground  underwent  less  intensity  of  shaking  and 
ground  deformation  that  buildings  on  soft,  saturated 
'round.  The  latter,  however,  no  doubt  dominated  the  in- 
:ensity  ratings. 


POPULATION  AND  DAMAGE  EXPOSURE 

The  population  of  California's  cities  and  counties  is 
much  greater  today  than  it  was  in  1906.  It  may  be  even 
larger  when  the  next  great  San  Andreas  earthquake  oc- 
curs. Increased  population  means  increased  damage  from 
a  similar  earthquake  because  of  three  considerations: 

(1)     more  population  means  more  buildings  of  all  types  to  be 
exposed  to  the  ground  motion; 


(2)  as  population  increases  in  a  town  or  a  city,  there  is  a 
tendency  to  build  on  less  desirable  ground  that  may  be 
softer,  steeper,  closer  to  the  fault,  or  on  hillsides  subject 
to  sliding  (in  a  few  locations,  structures  have  been  built 
right  in  fault  zones); 

(3)  buildings  age  and  are  subject  to  deterioration  if  not 
properly  maintained;  such  deterioration  makes  them 
more  vulnerable  to  ground  shaking. 

There  are  other  factors  that  would  tend  to  cause  a  great- 
er ratio  of  deaths  and  injuries  to  damage  level  with  in- 
creasing population.  One  is  population  density.  Where 
more  people  are  concentrated  in  a  given  area,  as  in  old 
areas  of  dense  housing  or  in  busy  downtown  streets  bor- 
dered by  tall  buildings,  they  have  less  available  shelter  or 
freedom  of  movement  and  are  more  susceptible  to  harm 
from  falling  objects. 

Fortunately,  there  is  a  mitigating  structural  factor  that 
tends  to  offset  at  least  some  of  the  increased  exposure  due 
to  time  and  population  increase;  namely,  improved  design 
of  newer  structures  under  modern  building  codes  and 
regulations  and  improved  design  and  construction  proce- 
dures to  resist  ground  shaking.  Seismic  requirements  have 
been  in  effect  since  1933.  At  that  time  they  were  limited 
to  school  buildings;  only  nominal  provisions  were  made 
for  other  buildings.  San  Francisco,  for  example,  adopted 
its  first  seismic  design  provisions  in  1948,  after  long  de- 
bate. The  Uniform  Building  Code  has  had  various  seismic 
provisions  over  the  last  several  decades,  but  these  have  not 
been  adopted  or  enforced  uniformly,  promptly,  or  consist- 
ently over  the  years  by  the  various  local  governments. 
Seismic  code  requirements,  if  adopted  and  enforced,  defi- 
nitely improve  earthquake  resistance.  There  may  still  be 
some  problems  or  failures  for  various  reasons,  the  basic 
one  being  that  the  codes  are  not  intended  to  prevent  all 
damage  -  that  would  be  a  severe  economic  burden.  On  the 
other  hand,  some  buildings  built  before  seismic  provisions 
prevailed  may  be  earthquake  resistant  because  of  their 
geometry,  good  construction,  or  perhaps  the  judgment  of 
the  designer  or  builder.  In  many  of  California's  towns  and 
smaller  cities,  most  of  the  buildings  are  pre-code.  There 
was  a  great  deal  of  construction  in  the  '20s,  for  example, 
all  prior  to  seismic  codes. 

Fortunately,  wooden  residential-type  buildings  are  gen- 
erally good  risks.  Exceptions  can  be  those  buildings  on 
"cripple"  (short)  studs  between  the  foundations  and  the 
first  floor  with  inadequate  bracing.  Such  construction  is 
subject  to  collapse.  Also  excepted  are  wooden  2-  or  3- 
story  structures  on  very  narrow  urban  lots  with  the  front 
walls  almost  entirely  sacrificed  to  garage  door  openings 
and  stairs.  Masonry  commercial  buildings  of  pre-code 
vintage  without  reinforcing  and  with  the  floors  and  roof 
(wood  or  other  material)  poorly  connected  to  the  walls 
are  usually  poor  risks.  The  main  streets  of  many  towns  are 
lined  with  these  buildings,  which  generally  have  front 
walls  sacrificed  for  glass  so  as  to  display  merchandise  and 
to  provide  access  doors  and  stairways. 
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Another  possible  mitigating  factor,  at  least  in  some 
areas,  is  lack  of  water  in  the  soil.  Greater  earthquake 
intensity  is  observed  in  areas  of  saturated  soil  associated 
with  a  high  water  table.  Where  the  groundwater  table  has 
been  lowered  by  man  and/or  nature,  earthquake  intensity 
would  be  reduced,  and  damage  would  tend  to  be  less  than 
if  the  water  were  at  a  higher  level.  The  time  of  year  and 
the  amount  of  rainfall  would  therefore  be  a  factor  —  the 
drier  the  soil  at  and  below  the  surface,  the  less  damage 
from  shaking. 

Extensive  damage  is  not  necessarily  restricted  to  a  mag- 
nitude 8  or  greater  earthquake  like  that  of  1906.  There  is 
evidence  that  in  epicentral  areas  of  smaller  events  having 
magnitudes  of  6  or  7  the  damage  may  be  as  great  as  for 
an  earthquake  of  magnitude  8  or  8.25.  However,  the  great- 
er earthquakes  cause  damage  over  a  much  larger  area. 
Thus  it  is  quite  possible  that  a  particular  city  or  town 
might  suffer  as  much  from  a  local  6.5-  or  7-magnitude 
shock  as  from  a  recurrence  of  the  1906  event. 

It  is  assumed  herein  that  the  benefits  from  recently 
enacted  seismic  codes  and  of  possible  local  lowering  of  the 
water  table  are  not  sufficient  to  offset  the  three  negative 
effects  related  to  population  growth  as  outlined  above. 
Thus,  we  shall  consider  damage  potential  as  a  direct  func- 
tion of  shaking  intensity  and  population. 

Table  1  is  a  compilation  of  population  data  for  many 
northern  California  cities,  based  on  1970  census  data  and 
1906  data,  if  available  (generally,  1906  population  has 
been  interpolated  between  the  1900  and  the  1910  census 
data) .  The  assigned  Rossi-Forel  intensity  felt  by  that  city 
in  1906  is  given  in  the  third  column,  and  the  last  column 
gives  the  estimated  Rossi-Forel  intensity  based  on  the 
assumption  that  an  earthquake  of  magnitude  8  or  more 
occurred  on  the  San  Andreas  fault  where  it  might  affect 
each  city  most  severely.3  Intensity  at  cities  or  towns  not 
listed  can  be  estimated  by  comparison  to  similar  locations. 
There  has  been  a  tremendous  increase  in  population  since 
1906,  and  thus  the  number  of  buildings  exposed  to  damage 
from  a  future  great  earthquake  on  the  San  Andreas  fault 
has  also  increased. 

INTENSITY  ESTIMATES 

Estimates  of  earthquake  intensity  due  to  a  major  event 
on  the  San  Andreas  fault  may  be  based  on  intensities 
reported  in  the  region  strongly  affected  in  1906;  these 
extended  from  near  Salinas  in  the  south  to  near  Shelter 
Cove  in  the  north.  Further  south  along  the  fault,  similar 
data  are  not  readily  available.  The  Fort  Tejon  earthquake 
of  1857  was  an  event  of  magnitude  comparable  to  1906, 
but  its  intensity  was  not  well  recorded  because  of  sparse 
population  at  that  time.  Ground-surface  rupture  and 
strong  ground  motion  in  1 857  is  believed  to  have  extended 
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'Note:     This  paper  considers  only  the  San  Andreas  fault;  there  are  also  many  other  sources  of 
earthquakes  in  California. 


north  along  the  fault  to  Cholame.  Between  the  northern- 
most extent  of  rupture  in  1857  and  the  southernmost  ex- 
tent of  rupture  in  1906,  near  San  Juan  Bautista,  is  a 
segment  of  the  fault  along  which  rupture  in  an  earthquake 
equivalent  to  the  1906  or  1857  events  has  not  been  histori- 
cally observed.  Thus,  good-quality  historic  intensity  data 
for  a  great  earthquake  along  the  San  Andreas  fault  in 
northern  California  are  available  north  of  San  Juan  Bau 
tista  but  are  lacking  between  San  Juan  Bautista  and  Gor- 
man. 

Evernden,  Hibbard  and  Schneider  (1973)  have  com- 
piled a  map  of  predicted  Rossi-Forel  intensities  in  Califor- 
nia for  an  earthquake  equivalent  to  the  1906  San 
Francisco  earthquake  occurring  anywhere  along  the  San 
Andreas  fault.  This  map  (figure  1)  is  useful  for  our  pur- 
pose of  estimating  damage  associated  with  major  earth- 
quakes along  the  fault  in  northern  California. 

The  intensities  shown  on  the  map  have  been  adjusted 
for  different  geologic  materials  consisting  of  granite  and 
other  hard  rocks,  coast  range  materials,  etc.,  coastal  ma- 
rine sedimentary  rocks,  and  alluvium.  Some  local  condi- 
tions such  as  poor-quality  man-made  fill  or  saturated 
alluvium  may  be  subject  to  an  intensity  of  1  or  2  units 
greater  than  that  shown  on  the  map,  which  is  for  average 
alluvium. 

Some  differences  between  predicted  intensity  values  ol 
Evernden  etal  and  observed  intensity  in  1906  are  apprent 
in  Table  1 .  For  example,  intensity  VI  to  VII  was  reported 
at  Monterey  in  1906,  while  intensity  V  is  predicted.  This 
may  be  due  in  part  to  generalizations  of  ground  conditions 
that  are  necessary  in  making  a  study  of  an  area  as  large 
as  California.  At  best,  these  are  not  precise  determina- 
tions, and  large  variations  in  damage  and  intensity  ratings 
are  to  be  expected  within  small  areas.  It  is  suggested  thai 
the  conservative  reader  select  the  larger  intensity  values 

Other  maps  also  indicate  ground  motion  due  to  earth- 
quakes on  the  San  Andreas  fault  such  as  one  that  Greens- 
felder  (1974)  developed  for  rock  motion  and  those  ol 
Kiremidjian  and  Shah  (1975),  developed  for  surface  mo- 
tion. Iso-acceleration  lines  on  these  maps  also  parallel  the 
San  Andreas  fault,  as  do  the  iso-intensity  lines  in  Figure 
1. 

In  order  to  account  for  frequency  content  and  othei 
dynamic  phenomena,  Blume  (1970)  has  proposed  the  En- 
gineering Intensity  Scale  (EIS),  which  is  based  upon  the 
5%-damped  relative  velocity  response  spectrum.  As  more 
data  become  available  this  will  be  a  very  useful  device  for 
damage  estimation  and  other  purposes. 

1906  EXTRAPOLATED 

Statistical  data  on  what  actually  happened  in  1906  are 
estimates,  at  best.  The  fire  and  explosives  used  to  create 
firebreaks  in  San  Francisco  destroyed  evidence  of  what 
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gore  I.      Predicted  intensity  values  throughout  California  as  a  result  of  earthquakes  equivalent  in  size  to  that  of  the  1906  San  Francisco  earthquake  anywhere 
i  the  San  Andreas  fault   (from  Evernden  and  others,  1973). 
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Table  1.  Population  and  San  Andreas  fault  intensity  data  for  selected  cities  and  towns  in  north  and  central  California. 


i 


Estimated  Maximum 

Estimated 

Rossi-Forel 

Rossi-Forel 

1906 

1970  census 

intensity 

intensity  from 

City 

County 

population 

population 

1906 

San  Andreas 

Alameda 

Alameda 

21.000 

70,968 

VIII-IX 

>  ix 

Bakersfield 

Kern 

9,500 

69,515 

IV-V 

IV-VI 

Benicio 

Solano 

2,500 

8,783 

VII— VIM 

VI 

Berkeley 

Alameda 

30,000 

116,716 

VIIMX 

VIII 

Crescent  City 

Del  Norte 

900 

2,586 

IV-V 

III 

Davis 

Yolo 

600 

23,488 

VI-VII 

VI 

Eureka 

Humboldt 

10,000 

24,337 

VIII-IX 

>  VIII 

Fairfield 

Solano 

800 

44,146 

VII— VIII 

VII 

Fresno 

Fresno 

20,000 

165,972 

VI-VII 

VI 

Gilroy 

Santa  Clara 

2,200 

12,665 

VIIMX 

>  VIII 

Hollister 

San  Benito 

1,900 

7,663 

VII— VIII 

IX 

Livermore 

Alameda 

1,800 

37,703 

VIIMX 

VII 

Led) 

San  Joaquin 

2,000 

28,691 

VI-VII 

VI 

Los  Gotos 

Santa  Clara 

2,100 

23,735 

IX 

>  ix 

Merced 

Merced 

2,600 

22,670 

V-VI 

VI 

Milpitas 

Santa  Claro 

27,149 

VIII 

>  ix 

Modesto 

Stanislaus 

3,200 

61,712 

VM/II 

VI 

Monterey 

Monterey 

3,700 

26,302 

VM/II 

V 

Mountain  View 

Santa  Clara 

1,000 

51,092 

IX 

;>  ix 

Napa 

Napa 

5,100 

35,978 

VIMX 

VIM/III 

Oakland 

Alameda 

120,000 

361,561 

VIIMX 

VIII 

Palo  Alto 

Santa  Clara 

3,400 

55,966 

IX 

>  ix 

Petaluma 

Sonoma 

5,100 

24,870 

VIII 

VII 

Pleasanton 

Alameda 

1,200 

18,328 

VIIMX 

VII 

Red  Bluff 

Tehama 

3,200 

7,676 

V-VI 

V 

Redding 

Shasta 

3,300 

16,659 

IV-V 

V 

Redwood  City 

San  Mateo 

2,100 

55,686 

IX 

>  ix 

Sacramento 

Sacramento 

39,000 

254,413 

VM/II 

VI 

Salinas 

Monterey 

3,600 

58,896 

IX 

>  ix 

San  Bruno 

San  Mateo 

36,254 

VIIMX 

>  VIII 

San  Francisco 

San  Francisco 

390,000 

715,674 

VIIMX 

£  VIII 

San  Jose 

Santa  Claro 

26,000 

445,779 

VIIMX 

>  ix 

San  Leandro 

Alameda 

4,100 

68,698 

VIIMX 

VIII 

San  Luis  Obispo 

San  Luis  Obispo 

4,300 

28,036 

IV-V 

IV-V 

San  Mateo 

San  Mateo 

3,400 

78,991 

IX 

£  VIII 

San  Rafael 

Marin 

5,000 

38,977 

VIII-IX 

VIII 

Santa  Barbara 

Santa  Barbara 

9,600 

70,215 

II— III 

VII 

Santa  Clara 

Santa  Clara 

4,100 

87,717 

IX 

;>  ix 

Santa  Cruz 

Santa  Cruz 

9,000 

32,076 

VIIMX 

>  VIII 

Santa  Maria 

Santa  Barbara 

2,000 

32,749 

IV-V 

VII 

Santa  Rosa 

Sonoma 

7,400 

50,006 

IX-X 

>   VIII 

Sausalito 

Marin 

2,100 

6,158 

VIII 

VII 

Sebastopol 

Sonoma 

1,000 

3,993 

IX-X 

£  VIII 

S.  San  Francisco 

San  Mateo 

1,800 

46,646 

IX 

>  VIII 

Stockton 

San  Joaquin 

21,000 

107,644 

VM/II 

VI 

Ukiah 

Mendocino 

2,000 

10,095 

VIIMX 

VI 

Vacaville 

Solano 

1,200 

21,690 

V-VI 

VI 

Vallejo 

Solano 

9,700 

66,733 

VIM/III 

VII 

Walnut  Creek 

Contra  Costa 

39,844 

VIIMX 

>  ix 

Watsonville 

Santa  Cruz 

4,100 

14,569 

IX 

VIM/III 

was  earthquake  damage,  or  lack  of  damage.  An  estimate 
of  the  total  damage  in  all  areas  from  the  earthquake  is 
$80,000,000;  however,  $400,000,000  more  has  been  as- 
signed to  the  fire  (U.S.  Department  of  Commerce,  1969). 
In  view  of  the  tendency  to  minimize  earthquake  damage 
relative  to  that  caused  by  the  fire,4  it  is  probable  that  the 
earthquake  damage  was  greater  than  $80,000,000,  even 
though  1906  dollars  had  tremendous  buying  power  com- 
pared to  dollars  today.  Another  factor  that  complicates 
direct  cost  comparisons  is  that  labor  was  so  cheap  and 
productive  in  1906  that  it  paid  to  clean  and  re-use  build- 


*  Most  San  Franciscans  who  lived  in  that  era  called  it  "The  Fire"  and  almost  overlooked  the 
earthquake! 


ing  materials  such  as  brick.  Today,  everything  would  be 
replaced  with  new  materials. 

In  view  of  all  such  factors,  an  earthquake  damage  figure 
of  120,000,000  1906  dollars  will  be  used.  The  Engineering 
News  Record  construction  cost  index  for  the  United 
States  is  based  at  100  for  the  year  1913.  It  will  be  assumed 
that  it  was  essentially  the  same  in  1906.  The  index  for 
March  1977  was  1711  for  San  Francisco  and  1677  for  Los 
Angeles.  The  former  figure  will  be  used  for  northern  Cali- 
fornia. Population  increase  for  the  state  from  1906  to  1977 
is  great,  although  the  southern  portion  of  the  state  —  the 
Los  Angeles  and  San  Diego  areas  —  accounts  for  a  consid- 
erable portion  of  this  increase.  The  population  increase  for 
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cities  in  north  and  central  California  is  given  in  Table  1, 
and  it  ranges  greatly  from  city  to  city.  San  Francisco  has 
a  low  percentage  increase  whereas  some  cities  had  10  or 
more  times  the  population  in  1970  that  they  had  in  1906. 
An  arbitrary  overall  population  increase  factor  of  6  will  be 
assumed  to  1977. 

Thus,  on  a  direct  extrapolation  for  population  exposure 
and  construction  costs,  the  earthquake  damage  from  an 
event  equivalent  to  the  1906  earthquake  in  northern  Cali- 
fornia in  1977  units  would  be  $(120,000,000)  x  (6)  x 
(1711/100)  =  $12,000,000,000,  which  is  100  times  great- 
er than  for  1906.  As  discussed  previously,  there  are  many 
factors  that  could  affect  such  an  estimate  either  way.  They 
have  been  assumed  to  cancel  each  other.  However,  factors 
not  considered  are  the  number  of  freeways,  overpasses, 
bridges,  etc.,  that  did  not  exist  in  1906  and  the  lifeline 
systems,  which  are  much  more  complex  and  costly  than 
in  1906.  Also,  there  were  very  few  dams  and  no  significant 
dam  failures  in  1906. 

The  loss  of  life  due  to  the  1906  earthquake  has  been 
reported  as  700.  Perhaps  some  70  of  these  were  in  Santa 
Rosa,  a  city  of  only  7400;  thus,  1%  died  there  (reported 
Rossi-Forel  intensity  was  IX  to  X),  a  larger  percentage 
than  for  any  other  city  of  equal  or  greater  size.  The  great- 
est loss  of  life  was  in  San  Francisco,  and  most  of  this  must 
be  attributed  to  the  earthquake  rather  than  the  fire.  The 
1906  earthquake  occurred  early  in  the  morning  when  most 
people  were  at  home  in  relatively  safe  wooden  residential 
structures.  If  the  shock  had  been  several  hours  later,  the 
loss  of  life  would  no  doubt  have  increased  by  a  large 
factor.  It  would  be  even  greater  today  with  the  dense 
metropolitan  downtown  population  during  business 
hours.  On  a  direct  extrapolation  based  on  an  estimated 
population  increase  of  4  times  in  major  cities,  the  current 
5:00  A.M.  loss  of  life  could  be  estimated  at  (700)  (4)  = 
2800.  If  the  event  occurred  during  business  hours  rather 
than  at  5:00  A.M.,  that  number  would  be  increased  by, 
say,  2  to  4  times.  This  could  be  a  low  estimate  in  view  of 
the  weekday  day-time  city  population.  Many  other  con- 
siderations lead  to  a  general  statement  that  the  loss  of  life 
in  a  repetition  of  1906  could  range  from,  say,  2,000  to 
20,000,  depending  on  the  time  of  day,  the  day  of  the  week, 
and  many  other  considerations,  and  assuming  no  disas- 
trous dam  failures. 

Damage  to  specific  buildings  depends  on  a  great  many 
factors,  including  intensity;  the  type  of  buijding;  the  code, 
if  any,  under  which  the  building  was  constructed;  the 
number  of  stories;  the  materials  used  and  how  they  were 
used;  etc. 

It  is  possible  today,  in  the  advanced  state  of  the  art,  to 
compute  response  and  probable  damage,  if  any,  for  specif- 
ic structures,  soil  conditions,  and  earthquake  characteris- 
tics. This  is  a  moderately  costly  procedure  that  is  usually 
followed  only  for  special  structures  such  as  expensive  high 


-rise  buildings,  the  State  Capitol,  hospitals,  or  nuclear 
power  plants. 

It  is  also  possible  to  estimate  damage  for  various  intensi- 
ties based  on  empirical  data.  Such  estimates  are  generally 
quite  crude  because  it  is  difficult  to  find  fully  appropriate 
models  or  historical  data  for  a  very  complex  problem.  Let 
us  define  "damage  cost  factor"  (DCF)  as  the  ratio  of  the 
mean  damage  repair  cost  to  the  current  replacement  cost 
of  a  whole  building.  Thus,  if  DCF  is  0.10  the  damage 
repair  cost  would  be  10%  of  the  current  cost  of  replacing 
the  building.  We  are  interested  in  typical,  average  DCFs 
for  various  intensities.  These  vary  greatly  with  type  of 
construction. 

Table  2  is  a  compilation  of  estimated  damage  cost  fac- 
tors (DCF)  shown  as  percentages.  The  figures  are  intend- 
ed to  be  average  values  for  large  samples;  i.e.,  for  a  great 
many  buildings.  They  are  subjective  and  judgmental, 
based  on  consideration  of  experience  and  various  sources 
of  data.  They  are  intended  only  as  a  guide,  and  great 
variations  can  be  expected  either  way  from  the  estimated 
averages.  Individual  cases  should  be  specifically  investi- 
gated. With  minor  damage,  the  repairs  are  often  limited 
to  patching  of  cracks  and  repainting  —  a  process  that  may 
be  deferred  until  regular  or  convenient  maintenance  deco- 
rating. Other  typical  damage  is  to  chimneys,  glass,  and 
unconfined  bric-a-brac. 


Table  2.  Estimated  Average  Damage  Cost  Factors  ( % ) 


Rossi— Fore/ 
Intensity 


VI 


VII        VIII       IX 


Wood  residential 

0.01 

0.1 

0.3 

2 

6 

12 

buildings 

•8 

Masonry  residential 

_ 

0.1 

0.5 

5 

15 

30 

\ 

buildings 

<fc 

Masonry  commercial 
buildings 

— 

2 

10 

30 

60 

90 

Other  buildings 

- 

1 

5 

15 

25 

40 

Wood  residential 

0.1 

0.6 

2 

5 

■s 

buildings 

a 

p) 

Masonry  residential 

- 

- 

0.1 

0.7 

3 

10 

i 

.8 

§ 

N 

buildings 
Masonry  or  concrete 

<o 

commercial  buildings 

- 

- 

- 

4 

10 

25 

Other  buildings 

- 

- 

1 

3 

6 

15 

Injuries  and  deaths  associated  with  nominal  earthquake 
damage  are  generally  quite  low  except  for  isolated  cases. 
Casualties  can  be  greatly  curtailed  if  the  population  is  well 
informed  about  safety  procedures,  such  as  getting  under 
a  strong  table  or  desk.  When  damage  is  a  substantial 
percentage  of  replacement  cost,  the  risk  to  occupants  and 
passers-by  increases  considerably. 
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One  can  take  any  city  of  interest,  select  its  intensity 
from  Table  1  (using  a  city  similarly  located  with  respect 
to  the  fault  and  ground  conditions  if  the  one  wanted  is  not 
listed),  and  enter  Table  2  with  that  intensity.  Assessor's 
data  can  provide  the  types  of  structures  and  their  valua- 
tion, which  is  generally  some  fraction  of  total  cost.  Then 
the  approximate  average  damage  can  be  estimated  as  per- 
centages of  replacement  cost  or  in  dollars  of  appropriate 
vintage.  It  is  suggested,  however,  that  specific  analyses  be 
conducted  for  important  structures.  It  may  also  be  desira- 
ble to  obtain  earthquake  insurance  rates.  Extremely  haz- 
ardous structures  should  be  braced,  rehabilitated,  razed, 
or  abandoned. 

Attention  must  also  be  paid  to  lifelines  —  transporta- 
tion, water  and  gas  distribution  systems,  electric  power  (is 


standby  power  generation  needed?),  sewerage  systems, 
communications,  etc.  Very  often,  nominal  pre-earthquake 
work  or  preparation  can  prevent  very  serious  conse- 
quences. Hospitals,  fire  and  police  stations,  communica- 
tion centers,  prisons,  and  warehouses  for  critical  supplies 
should  all  receive  special  pre-earthquake  consideration. 
We  do  not  yet  know  when  the  San  Andreas  fault  will  slip 
again  in  a  major  earthquake,  but  it  must  be  expected  at 
some  time  in  the  future.  Tables  1  and  2  provide  a  basis  for 
local  city  scenarios,  possibly  —  but  not  certainly  —  some- 
what conservative. 
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APPENDIX  A 
Rossi-Forel  Intensity  Scale 

I      Microseismic  shock.  Recorded  by  a  single  seismograph  or  by  seismographs  of  the  same  model,  but  not 
by  several  seismographs  of  different  kinds;  the  shock  felt  by  an  experienced  observer.  (MM  I— II) s 

II      Extremely  feeble  shock.  Recorded  by  several  seismographs  of  different  kinds;  felt  by  small  number  of 
persons  at  rest.  (MM  II) 

III  Very  feeble  shock.  Felt  by  several  persons  at  rest;  strong  enough  for  the  direction  or  duration  to  be 
appreciable.  (MM  III) 

IV  Feeble  shock.  Felt  by  person  in  motion;  disturbance  of  movable  objects,  doors,  windows;  cracking  of 
ceilings.  (MM  IV) 

V      Shock  of  moderate  intensity.  Felt  generally  by  everyone;  disturbance  of  furniture,  beds,  etc.;  ringing  of 
some  bells.  (MM  IV-V) 

VI      Fairly  strong  shock.  General  awakening  of  those  asleep;  general  ringing  of  bells;  oscillation  of  chandeliers; 
stopping  of  clocks;  visible  agitation  of  trees  and  shrubs;  some  startled  persons  leaving  their  dwellings.  (MM 
V-VI) 
VII      Strong  shock.  Overthrow  of  movable  objects;  fall  of  plaster;  ringing  of  church  bells;  general  panic,  without 
damage  to  buildings.  (MM  VI) 

VIII      Very  strong  shock.  Fall  of  chimneys;  cracks  in  the  walls  of  buildings.  (MM  VII-VIII) 

IX      Extremely  strong  shock.  Partial  or  total  destruction  of  some  buildings.  (MM  VIII-IX) 

X      Shock  of  extreme  intensity.  Great  disaster;  ruins;  disturbances  of  the  strata;  fissures  in  the  ground;  rock 
falls  from  mountains.  (MM  X-XII) 


■  Equivalent  Modified  Mercalli  Intensities  from  Evernden,  et  aJ. 
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SAFETY  OF  DAMS  IN  THE  GREATER  SAN  FRANCISCO  BAY  AREA 

by 
Antonio  S.  Buangan1 ,  and  William  A.  Wahler2 


ABSTRACT 


Design,  Construction,  and  Performance 


This  paper  reviews  the  history,  construction,  and  per- 
formance record  of  the  dams  in  the  nine  counties  of  the 
Greater  San  Francisco  Bay  area.  All  these  dams,  which 
are  chiefly  earthen  structures  of  moderate  size,  are  within 
the  zone  of  influence  of  the  San  Andreas  fault.  A  compila- 
tion of  relevant  data  is  presented  in  tabular  and  graphic 
form.  Five  brief  case  studies  illustrate  the  history  of  some 
of  the  older  dams  in  the  region  which  have  undergone 
safety  evaluations  in  recent  years,  partly  in  response  to  the 
requirements  of  the  State  of  California  dam  safety  pro- 
gram. 

OVERVIEW 
Introduction 

The  nine  counties  of  the  Greater  San  Francisco  Bay 
area  cover  nearly  1,000  square  miles.  A  great  deal  of  this 
area  is  heavily  populated  and  therefore  has  required  the 
development  of  extensive  water  storage  and  supply  sys- 
tems. The  first  sizable  dams  built  in  the  area  were  con- 
structed in  the  mid-1 800s.  Today  there  are  59 
impoundments  in  operation  which  may  be  classified  as 
significant  because  of  potential  hazards,  in  case  of  failure, 
posed  by  their  size  and/or  proximity  to  populated  areas 
(see  figure  1  and  table  1 ) .  All  of  these  dams  are  located 
within  the  influence  of  the  San  Andreas  fault  zone. 
Twenty-two  dams  are  less  than  7  miles  from  the  San 
Andreas  fault;  three  are  less  than  one  mile.  Nearly  all  the 
dams  are  also  within  close  range  of  one  or  more  major 
faults  related  to  the  San  Andreas  fault  system,  such  as  the 
Calaveras  fault  or  the  Hay  ward  fault.  As  knowledge  of  the 
geology  and  seismicity  of  the  area  has  grown,  so  has  con- 
cern about  the  safety  of  these  dams  under  seismic  stress. 
Much  engineering  effort  has  gone  into  seismic  safety  stud- 
ies in  the  design  of  new  dams  and  particularly  into  safety 
evaluations  of  older  ones  which  were  constructed  with 
little  knowledge  of  geologic  foundation  conditions  or  of 
potential  earthquake  effects. 


'Principal  in  the  firm  of  Wahler  Associates,  Geotechnical  Consultants,  Palo  Alto, 

CA. 

'Formerly  President  of  W.A.  Wahler  &  Associates,  Geotechnical  Consultants,  Palo 

Alto,  CA. 


Despite  the  growth  of  applicable  knowledge,  the  newest 
dam  built  in  this  area,  the  New  Upper  San  Leandro,  com- 
pleted in  1977,  is  still  the  same  general  type — impervious 
core  earth-fill — as  is  the  oldest,  the  Pilarcitos  Dam,  com- 
pleted in  1 866.  The  advances  in  geology,  seismology,  dams 
engineering,  and  even  earth  moving  have  enabled  today's 
designers  to  make  bigger  and  better  earth  dams  of  more 
refined  designs  and  more  predictable  performance.  Fortu- 
nately the  early  designers  discerned  or  stumbled  upon  the 
best  general  type  of  dam  for  local  conditions.  Only  five  of 
the  area's  dams  are  of  concrete;  three  are  hydraulic-fill; 
and  51  are  earth/rock  or  earth-fill.  Though  the  heights  of 
the  dams  range  from  30  to  nearly  300  feet,  the  typical 
height  is  about  100+  feet.  The  rolling  hills  of  the  area 
contain  many  valleys,  but  no  steep  canyons  that  would 
provide  suitable  sites  for  very  high  dams  or  concrete  dams. 
The  terrain  does  usually  provide  convenient  and  economi- 
cal sources  of  borrow  materials  appropriate  for  earth-fill 
dams  and,  fortunately,  earth/rock  and  earth-fill  dams 
have  some  advantages  over  concrete  structures  in  their 
ability  to  absorb  and  resist  ground  motion. 

All  the  dams  of  the  area  have  a  good  performance 
record.  To  the  best  of  our  knowledge,  there  has  never  been 
a  disastrous  dam  failure  in  the  greater  Bay  area,  either  in 
normal  performance  or  under  seismic  stress.  Even  in  the 
great  earthquake  of  1906  the  only  dams  seriously  affected 
were  embankments  that  had  already  been  made  obsolete 
and  inundated  by  water  stored  in  enlarged  impoundments 
at  Pilarcitos  Lake  and  Crystal  Springs.  The  dams  have 
performed  well  apparently  for  a  variety  of  reasons.  In  the 
first  place,  the  majority  of  all  dams  are  structures  of  great 
longevity.  Unlike  some  other  kinds  of  engineered  struc- 
tures, they  are  not  susceptible  to  crucial  damage  by  exter- 
nal accidents  such  as  wind  storms,  lightning,  crashing 
airplanes,  or  by  heavy  human  or  mechanical  usage.  Se- 
condly, many  of  the  dams  in  the  greater  Bay  area  were 
designed  and  constructed  by  engineers  who  were  out- 
standing in  their  own  time,  such  as  the  first  engineer  of  the 
Spring  Valley  Water  Company  (later  the  San  Francisco 
Water  Department),  Col.  A.  W.  von  Schmidt,  and  his 
successor  Hermann  Schussler,  whose  unique  concrete 
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SIGNIFICANT  DAMS 

IN  THE  GREATER 

SAN  FRANCISCO  BAY  AREA 


1.  Conn  Creek  (Hennessy  Lake) 

2.  Rector  Creek 

3.  Mont  ice  I lo 

4.  Mi  II iken 

5.  Lake  Curry 

6.  Lake  Frey 

7.  Novato 

8.  Nicasio 

9.  Peters  (Kent  Lake) 

10.  Bon  Tempe 

11.  Phoenix  Lake 

12.  Alpine 

13.  Lagunitas 

14.  Mallard 

15.  Maloney 

16.  San  Pablo 

17.  Briones 

18.  C.L.  Tilden  Park 

19.  Lake  Orinda 

20.  Leland 

21.  Lafayette 

22.  Pine  Creek 

23.  Contra  Loma 

24.  Marsh  Creek 

25.  Moraga 

26.  Sunset  Reservoir 

27.  Sutro  Reservoir 

28.  University  Mound 

29.  San  Andreas 

30.  Pilarcitos 


31.  Burlingame 

32.  Crocker 

33.  Lower  Crystal  Springs 

34.  Bear  Gulch 

35.  Searsville 

36.  Lake  Temescal 

37.  Chabot 

38.  Upper  San  Leandro 

39.  New  Upper  San  Leandro 

40.  Cull  Creek 

41.  Bethany 

42.  Del  Valle 

43.  James  H.  Turner 

44.  Calaveras 

45.  Felt  Lake 

46.  Stevens  Creek 

47.  Yasona  Percol. 

48.  Lexington 

49.  Guadalupe 

50.  Calero 

51.  A Imaden 

52.  Austrian  (Lake  Elsman) 

53.  Leroy  Anderson 

54.  Elmer  J.  Chesbro 

55.  Uvas 

56.  Coyote 

57.  North  Fork 

58.  Cherry  Flat 

59.  Newell 

60.  Moss  Landing 
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Table  1.  Significant  dams  in  the  Greater  San  Francisco  Bay  area. 
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HEIGHT(ft)a         YEAR 
CREST  LENGTH  (ft)b   COMPLETED0 


FAULT(S) /CLOSEST 
DISTANCE  TO  DAM  (mi) 


Almaden 
SC1d 


Santa  Clara  Valley  Water 
District 


100 
500 


San  Andreas  -  6.0;  Hayvard  -  10.0; 
Calaveras  -  12.0 


Alpine 
MA 


Gravity     Marin  Municipal  Water  District 


143 
395 


San  Andreas  -  2.0;  Hayvard  -  15.0 


Austrian  (Lake  Elsman) 
SCI 


San  Jose  Water  Works 


185 
700 


San  Andreas  -  0.4;  Sargent  -  0.1; 
Calaveras  -  26.0 


Bear  Gulch 
SM 


Bethany  Forebay 
AL 


Bon  Tempe 
MA 


Briones 
CC 


Burllngane 
SM 


Calaveras 
AL 


Calero 
SC1 


Earth 


California  Water  Service 
Company 


California  State  Department  of 
Water  Resources 


Marin  Municipal  Water  District 


East  Bay  Municipal  Utility 
District 


Earth       Ditz-Crane  Corporation 
Earth-Rock   City/County  of  San  Francisco 


Santa  Clara  Valley  Water 
District 


61 
730 


95 

695 


98 

1,150 


273 

2,100 


87 
400 


210 
1,200 


90 

840 


1896 


1925 


San  Andreas  -  4.3;  branch  of  S.A. 
1.25 

Pleasanton  -  16.0;  Calaveras  - 
18.0;  Hayvard  -  25.0 

San  Andreas  -  4.9;  Hayvard  -  13.0 

Hayvard  -  3.7;  San  Andreas  -  22.0 

San  Andreas  -  1.0;  Hayvard  -  18.0 


Calaveras  -  0.0  at  left  abutment; 

Hayvard  -  5.0;  San  Andreas  -  23.0 

San  Andreas  -  8.5;  Hayvard  -  7.0; 
Calaveras  -  8.5 


Chabot 
AL 


Earth 


East  Bay  Municipal  Utilities 
District 


135 

450 


Hayvard  -  0.4  (0.75  to  1868  break); 
Calaveras  (extension)  8.5;  San 
Andreas  -  19.2 


Cherry  Flat 
SCI 


City  of  San  Jose 


60 
230 


Calaveras  -  1.0 


C.L.  Tilden  Park 
CC 


East  Bay  Regional  Park 
District 


1938 


Hayvard  -  0.8;  Calaveras  -  17.0; 
San  Andreas  -  17.5 


Conn  Creek  (Hennessy 
Lake)   NA 


Earth       City  of  Napa 


125 

700 


1948         Green  Valley  -  10.5;  Healdsburg- 
Rodgers  Creek  -  16.0;  San  Andreas 
36.6 


Contra  Loma 
CC 


Coyote 
SC1 


Crocker 
SM 


Earth-Rock 


U.S.  Bureau  of  Reclamation 


Santa  Clara  Valley  Water 
District 


Ditz-Crane  Corporation 


88 
1,050 


140 
980 


45 
200 


1936 


1890 


Calaveras-Tleasanton  -  18.0; 
Hayvard  -  24.0;  San  Andreas  -  42.0 

Calaveras  -  0.0  at  left  abutment; 
Sargent  -  10.9;  San  Andreas  -  13.4 

San  Andreas  -  1.0;  Hayvard  -  17.5 


Cull  Creek 
AL 


Del  Valle 
AL 


Alameda  County  Flood  Control  and 
Water  Conservation  District 


California  State  Department  of 
Water  Resources 


55 

440 


222 
880 


1963 
1968 


Hayvard  -  2.5;  San  Andreas  -  21.3 


Calaveras  -  7.3;  Hayvard  -  12.6; 
San  Andreas  -  31.0 


Elmer  J.  Chesbro 
SCI 


Earth-Rock 


Santa  Clara  Valley  Water 
District 


95 
690 


1955 


San  Andreas  -  7.5;  Sargent  -  5.0; 
Calaveras  -  6.0 


Felt  Lake 
SCI 


Guadalupe 
SCI 


James  H.  Turner 
(San  Antonio)  AL 


Lafayette 
CC 


Lagunltas 
MA 


Lake  Curry 
NA 


Lake  Frey 
SO 


Lake  Orlnda 
CC 


Lake  Temescal 
AL 


Leland 
CC 


Leroy  Anderson 
SCI 


Earth       Stanford  University  Board  of 
Trustees 

Earth       Santa  Clara  Valley  Water 
District 

Earth        City/County  of  San  Francisco 


Hydraulic 
fill 


Earth 


East  Bay  Municipal  Utilities 
District 


Marin  Municipal  Water 
District 


City  of  Vallejo 


Lexington 
SCI 


Earth        City  of  Valle 1o 
Earth        Orlnda  Country  Cluh 


Earth        East  Bay  Regional  Park 
District 


Earth        East  Bay  Municipal  Utilities 
District 


Earth-Rock   Santa  Clara  Valley  Water 
District 


Earth        Santa  Clara  Valley  Water 
District 


67 
590 


142 
695 


193 
2,160 


132 
1,200 


48 
433 


107 
572 


83 
575 


45 
360 


116 

650 


41 
94  5 


235 

1,430 


205 
810 


1929 


1894 
1935 
1869 
1955 
1960 


San  Andreas  -  2.5;  Hayvard  -  16.0; 
Calaveras  -  21.0 

San  Andreas  -  6.0;  Hayvard  -  9.5; 
Calaveras  -  10.5 

Hayvard  -  6.3;  San  Andreas  -  24.8; 
Calaveras  -  (extension)  -  1.0 

Calaveras  -  3.8;  Hayvard  -  6.0; 
San  Andreas  -  24.9 

San  Andreas  -  5.2;  Hayvard  -  12.5 


Green  Valley  -  4.2;  llealdsburg- 
Rodgers  Creek  -  22.0;  San  Andreas  - 
43.0;  Hayvard  -  28.0 

Creen  Valley  -  0.2;  Healdsburg- 
Rodgers  Creek  -  16.0;  Hayvard  -  22.0 

Hayvard  -  3.8;  Calaveras  -  16.6; 
San  Andreas  -  22.2 

Hayvard  -  0.0  at  1868  trace;  San 
Andreas  -  18.5 

Hayvard  -  5.5;  Calaveras  -  13.9; 
San  Andreas  -  24.1 

Calaveras  -  0.9;  Sargent  -  9.9; 
San  Andreas  -  12.5 

San  Andreas  -  1.5;  Hayvard  -  15.5; 
Calaveras  -  17.5 


1980  SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA  177 

Table  1.  Significant  dams  in  the  Greater  San  Francisco  Bay  area  (continued). 

DAM  TYPE  OWNER  IIEIGHT(ft)a  YEAR  FAULT(S) /CLOSEST 

CREST  LENGTH  (ft)b   COMPLETED0     DISTANCE  TO  DAM  (mi) 


Lower  Crystal  Springs 

Curved 

City/County  of  San  Francisco 

140 

SM 

gravity 

600 

Mallard 

Earth 

Contra  Costa  County  Water 

30 

CC 

District 

11,000 

Maloney 

F.drth 

East  Bay  Municipal  Utilities 

107 

CC 

District 

620 

Marsh  Creek 

Earth 

Contra  Costa  County  Flood 

59 

CC 

Control  and  Water  Conservation 
District 

1,540 

Milliken 

Constant 

City  of  Napa 

110 

NA 

Radius  Arch 

680 

Mont icello 

Concrete 

U.S.  Bureau  of  Reclamation 

271 

NA 

Arch 

1,023 

Moraga 

Earth 

East  Bay  Municipal  Utilities 

37 

CC 

District 

210 

Newell 

Earth 

City  of  Santa  Cruz 

182 

SCr 

750 

New  Upper  San  Leandro 

Earth 

East  Bay  Municipal  Utilities 

18? 

AL 

District 

1,300 

Nicasio 

Earth 

Marin  Municipal  Water  District 

115 

MA 

400 

North  Fork 

Earth 

Pacheco  Pass  Water  District 

100 

SCI 

600 

Novato  Creek 

Earth 

North  Marin  County  Water 

71 

(Stafford  .Uke)  MA 

District 

650 

Peters  (Kent  Lake) 

Earth 

Marin  Municipal  Water 

188 

MA 

District 

700 

Phoenix  Lake 

Earth 

Marin  Municipal  Water 

90 

HA 

District 

795 

Pllarcltos 

Earth 

City/County  of  San  Francisco 

103 

SM 

520 

Pine  Creek 

Earth 

Contra  Costa  County  Flood 

87 

CC 

Control  and  Water  Conservation 
District 

320 

Rector  Creek 

Earth 

California  State  Department 

162 

NA 

of  Finance 

890 

San  Andreas 

Earth 

City/County  of  San  Francisco 

107 

SM 

727 

San  Pablo 

Hydraulic 

East  Bay  Municipal  Utilities 

170 

CC 

fill 

District 

1,250 

Searsville 

Gravity 

Stanford  University  Board  of 

68 

SM 

of  Trustees 

260 

Stevens  Creek 

F.arth 

Santa  Clara  Valley  Water 

120 

SCI 

District 

1,080 

Sunset  Reservoir 

Earth 

City/County  of  San  Francisco 

74 

SF    No.  Basin 

2,300 

So.  Basin 

City/County  of  San  Francisco 

34 
980 

Sutro  Reservoir 

Earth 

City/County  of  San  Francisco 

55 

SF 

350 

University  Mound 

Earth 

City/County  of  Son  Francisco 

17 

SF    No.  Basin 

2,422 

So.  Basin 

Earth 

City/County  of  S^n  Francisco 

61 
1,150 

Upper  San  Leandro 

Hydraulic 

East  Bay  Municipal  Utilities 

190 

AL 

fill 

District 

660 

Uvas 

Earth-Rock 

Santa  Clara  Valley  Water 

118 

SCI 

District 

1,100 

Vasona 

Earth 

Santa  Clara  ValU-y  Water 

32 

SCI 

District 

980 

1888 
1930 
1960 
1963 

1924 
1957 

1965 
1960 
1977 
1961 
1939 
1951 
1954 
1907 
1866 
1956 

1946 
1870 
1920 
1890 
1935 
1938 
1960 
1952 
1885 
1937 
1926 
1957 
1935 


San  Andreas  -  0.2;  Hayvard  -  18.5; 
Calaveras  -  27.0 

Green  Valley  -  5.5;  Hayward  -  15.2 
Hayward  -  6.6;  San  Andreas  -  24.0 
Calaveras  -  15.0;  Hayward  -  23.0 

Green  Valley  -  9.5;  Healdsburg- 
Rodgers  Creek  -  18.5;  Hayward  -  26.0 

Green  Valley  -  1.2;  Healdsburg- 
Rodgers  Creek  -  30.0 

Hayward  -  5.5;  Calaveras  -  11.0; 
San  Andreas  -  24.3 

San  Andreas  -  6.9;  San  Gregorio  - 
16.5 

Hayward  -  2.5;  Calaveras  (extension) 
6.0;  San  Andreas  -  21.6 

San  Andreas  -  2.8;  Hayward  -  17.6 
Calaveras  -  10.7;  San  Andreas  -  19.7 
San  Andreas  -  10.2;  Hayward  -  10.5 
San  Andreas  -  2.1;  Hayward  -  18.0 
San  Andreas  -  6.7;  Hayward  -  11,2 
San  Andreas  -  1.8 


Calaveras  -  11.0;  Hayward  -  13.6; 
San  Andreas  -  32.6 


Green  Valley  -  6.5;  San  Andreas  - 
37.0;  Healdsburg-Rodgers  Creek  -  17.5 

San  Andreas  -  0.0 

Hayward  -  2.1;  San  Andreas  -  20.6 

San  Andreas  -  0.6;  San  Andreas 
(branch)  0.1 

San  Andreas  -  2.5;  Hayward  -  15.5; 
Calaveras  -  18.0 

San  Andreas  -  3.0;  Hayward  -  14.2 

San  Andreas  -  3.0;  Hayward  -  14.2 

San  Andreas  -  4.4;  Hayward  -  13.8 

San  Andreas  -  5.3;  Hayward  -  12.9 

San  Andreas  -  5.3;  Hayward  -  12.9 

Hayward  -  2.5;  Calaveras  (extension)- 
6.0;  San  Andreas  -  21.6 

San  Andreas  -  5.0;  Sargent  -  1.3; 
Calaveras  -  8.4 

San  Andreas  -  4.8;  Calaveras  -  13.9 


SOURCE:   Except  for  information  on  fault  distance,  the  data  in  this  table  is  drawn  from  the  California  Department  of  Water 
Resources  Bulletin  No.  17-76,  "Dams  within  Jurisdiction  of  the  State  of  California". 

aHeJght  (excluding  any  parapet)  from  dar.i  crest  elevation  to  the  lowest  elevation  of  the  outside  limit  of  the  dam 
"Length  of  main  dam,  excluding  auxiliary  dams 
cDate  the  original  construction  was  completed 

dCounty  Location:   AL  -  Alameda  MA  -  Marin         SCI  -  Santa  Clara        SF  -  San  Francisco      SO  -  Solano 

CC  -  Contra  Costa        NA  -  Hapa  SCr  -  Santa  Cruz  SM  -  San  Mateo 
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dam  at  Lower  Crystal  Springs  was  dedicated  as  a  Califor- 
nia Historical  Engineering  Landmark  in  1976.  Thirdly, 
seismic  activity  in  this  region  has  been  relatively  low  since 
1906,  the  most  potentially  damaging  episode  being  the 
magnitude  5.7  event  on  August  6,  1979.  In  anticipation  of 
larger  seismic  events  in  the  future,  the  state  has  mounted 
an  intensive  effort  since  the  mid-1960s  to  have  existing 
dams  inspected,  maintained,  repaired,  and,  where  neces- 
sary, modified  to  meet  current  state-of-the-art  standards. 

Surveillance  and  upkeep  are  as  essential  to  dam  safety 
as  is  good  initial  design.  Even  if  a  dam  is  designed  to  be 
as  safe  as  engineers  know  how  to  make  it,  it  will  not  be  safe 
forever.  The  dam  is  subject  to  the  natural  processes  of 
erosion  and  seismic  activity,  and  also  to  the  deterioration 
of  construction  materials  with  time.  The  hazard  potential 
of  a  dam  may  also  change.  The  population  explosion,  for 
instance,  that  rapidly  increased  the  number  of  dams  in  the 
Bay  area  (figure  2)  also  filled  areas  downstream  of  some 
old  dams  with  new  suburban  cities.  Some  of  the  new  dams, 
moreover,  had  to  be  built  on  sites  that  are  less  than  optim- 
al. For  such  reasons,  it  has  been  estimated  that  dam  haz- 
ards in  California  as  a  whole  increased  tenfold  between 
1929  and  1969  (Cortright,  1970).  While  the  level  of  haz- 
ard has  been  rising,  so,  fortunately,  has  the  state  of  the  art. 
In  some  respects,  engineering  has  changed  enormously 
over  the  1 1 1  years  that  dams  have  been  constructed  in  the 
Bay  area.  For  instance,  today  we  have  nuclear  devices  and 
mathematical  methods  to  test  and  compute  compaction 
levels  according  to  recognized  uniform  standards.  In  1906 
an  engineer  who  was  noted  for  his  meticulousness  record- 
ed that  his  standard  of  compaction  for  puddle  clay  was 
that  it  should  be  "kept  so  stiff  that  a  horse's  hoof  walking 
over  the  same  will  not  sink  more  than  two  inches  into  the 
same"  (Schussler,  1906).  Since  we  now  have  greatly  im- 
proved means  of  determining  the  safety  of  dams — dy- 
namic response  analysis,  instrumentation  systems, 
improved  methods  of  slope  stability  analysis,  etc. — it 
would  be  worse  than  foolish  if  we  did  not  use  these  tech- 
niques to  evaluate  and,  where  necessary,  to  upgrade  the 
safety  of  existing  dams. 


State  Dam  Safety  Program 

Since  1929,  the  State  of  California  has  had  the  adminis- 
trative means  of  enforcing  dam  safety  through  the  Divi- 
sion of  Safety  of  Dams.  The  state  dam  safety  program  has 
exerted  a  strong  influence  on  dam  owners  and  their  in- 
house  or  consulting  engineers  to  pursue  high  safety  stand- 
ards both  in  design  and  construction  of  new  dams,  and, 
since  1964,  in  safety  surveillance  and  remediation  of  exist- 
ing dams.  After  the  1963  failure  of  the  Baldwin  Hills 
reservoir  in  southern  California,  the  Division  (which  up 
to  that  time  had  been  responsible  primarily  for  the  safety 
of  new  dams)  mounted  a  special  inspection  program  of 
existing  dams  which  revealed  that  as  many  as  100  Califor- 
nia dams  were  in  questionable  condition.  A  program  to 
upgrade  and  maintain  the  safety  of  existing  dams  was 


instituted  with  intensive  activity  in  the  review  and 
rehabilitation  of  older  dams.  The  recognized  effectiveness 
of  this  safety  program  has  made  it  a  model  for  the  national 
dam  safety  program. 

Certain  aspects  of  the  program  have  contributed  to  its 
success.  Notably,  the  state  has  never  published  any  set  of 
uniform  minimum  standards  for  safety  which  could  then 
be  interpreted  as  the  only  desirable  level  of  safety.  Instead, 
each  design  of  a  new  dam  or  review  of  an  existing  dam  is 
evaluated  on  its  own  merits  and  according  to  the  require- 
ments of  the  specific  site.  This  approach  is  technically 
more  precise  than  trying  to  make  all  dams  conform  to 
arbitrary  standards,  and  it  also  encourages  designers  to 
advance  the  state  of  the  art  since  it  does  not  put  any  limit 
on  invention,  other  than  stipulating  that  the  engineering 
methods  used  must  be  reasonable  and  amenable  to  ex- 
perienced, balanced  judgment.  Perforce  it  also  ensures 
that  the  review  is  conducted  at  the  state  of  the  art.  The 
program  has  promoted  a  vigorous  exchange  of  advanced 
information  and  technical  experience,  and  moreover  has 
required  the  compilation  of  large  quantities  of  exploration, 
design,  construction,  and  performance  data  which  are 
now  available  for  study.  In  addition,  the  program  has 
encouraged  the  installation  of  monitoring  systems  which 
can  provide  early  warning  of  potentially  adverse  condi- 
tions as  they  develop. 


Special  Technical  Conditions  in  Safety  Studies 

The  type  of  dams  engineering  involved  in  review  and 
remediation  work  differs  somewhat  from  the  designing  of 
new  dams.  The  reviewer  always  works  within  certain  res- 
trictions. For  instance,  until  fairly  recently,  no  detailed 
records  were  kept  of  design  or  construction  data,  so  such 
basic  information  as  the  nature  of  structural  earth-fill 
materials  may  have  to  be  estimated  from  a  study  of  borrow 
sources.  In  designing  improvements,  a  way  may  have  to 
be  found  to  increase  the  capacity  of  an  existing  drain 
system,  since  it  may  not  be  physically  or  economically 
feasible  to  construct  an  entirely  new  system.  Similar  con- 
straints surround  the  study  of  foundation  geologic  condi- 
tions which  can  no  longer  be  examined  directly  and,  again, 
there  is  very  likely  no  detailed  historical  record  of  the 
original  geological  observations  (in  the  case  of  the  oldest 
dams  there  may  be  no  records  at  all).  Because  of  such 
constraints,  safety  reviews  and  remedial  designs  are  often 
much  more  complicated  than  original  designs — but  they 
can  be  thoroughly  completed,  and  many  have  been  in  the 
past  12  years. 

Besides  applying  new  engineering  techniques  and  crite- 
ria, the  safety  reviews  initiated  in  the  mid-1960s  placed  a 
new  emphasis  on  study  of  foundation  conditions  and  of 
regional  and  site  geology  and  seismicity — an  entirely  ap- 
propriate emphasis  in  California.  The  importance  of  the 
seismologist's  and  the  engineering  geologist's  work  in  re- 
viewing and  rehabilitating  old  California  dams  cannot  be 
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overstressed.  The  significant  dam  failures  that  have  oc- 
curred in  this  state  have  been  related  fairly  uniformly  to 
foundation  problems  and/or  seismic  occurrences. 

A  dam  failure  always  spurs  new  concern  and  activity  in 
dam  safety.  In  the  greater  Bay  area,  we  have  been  very 
fortunate  that  the  failures  which  have  helped  spur  our 
dam  safety  reviews  have  occurred  elsewhere.  The  Bay  area 
dams  have  profited  from  the  unfortunate  experience  of 
others.  However,  the  real  test  of  the  remediation  and  re- 
view work  that  has  been  done,  will  come  with  the  next 
major  episode  of  earthquake  activity  in  the  northern  por- 
tion of  the  San  Andreas  fault  zone.  Whenever  that  event 
occurs,  a  substantial  effort  will  have  been  made  in  prepa- 
ration for  it. 

CASE  HISTORIES 

The  following  case  histories  concern  representative 
types  of  older  dams  in  the  greater  Bay  area  and  illustrate 


the  kind  of  safety  evaluations  and  remedial  works  that  can 
be  performed.  The  cases  are  drawn  from  Wahler  Associ- 
ates' files.  We  wish  to  thank  the  dam  owners — the  Sa 
Francisco  Water  Department,  the  East  Bay  Municipa 
Utility  District,  and  the  Santa  Clara  Valley  Water  Distric 
— for  permitting  us  to  release  this  material  and  for  the 
generous  assistance  in  locating  supplementary  drawing 
and  photographs. 

Pilarcitos  Dam3 

Pilarcitos  Dam,  located  on  Pilarcitos  Creek  in  Sa 
Mateo  County,  is  the  oldest  functioning  dam  in  the  greate 
Bay  area.  The  dam  was  built  from  1863  to  1866  dowr 
stream  from  a  smaller  dam  which  was  below  the  prese 
level  of  Pilarcitos  Reservoir,  as  San  Francisco's  first  majc 


Data  on  this  dam  held  by  the  San  Francisco  Water  Department  are  limited,  since  construction 
and  early  operating  records  were  lost  in  the  fire  following  the  earthquake  of  1906.  We  are 
obliged  to  Mr.  £.  L.  Fonseca,  Assistant  Manager  of  SFWD  Peninsula  Division,  for  making 
supplementary  materials  from  his  personal  collection  of  historic  photographs  and  document! 
available  to  us. 


Figure  3.     Pilarcitos  dam:     Typical  cross-section. 


Photo  1.      Pilarcitos  dam  under  construction  i 
mid-1 860s. 
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water  storage  facility  outside  the  city  itself.  The  dam, 
owned  and  operated  by  the  San  Francisco  Water  Depart- 
ment, is  earth-fill  with  a  puddled  clay  core  and,  when 
completed  in  1 866,  was  one  of  the  highest  earth  dams  in 
the  world:  80  feet  above  streambed.  In  1874,  the  dam  was 
raised  by  15  feet  to  increase  the  reservoir  capacity  to  its 
present  3,100  acre-feet. 

Although  the  site  geology  has  not  been  well  defined,  it 
is  thought  that  the  dam  is  founded  on  an  unnamed,  early 
Tertiary  sandstone  formation  which  contains  interbeds  of 
shale  and  conglomerate.  The  Pilarcitos  fault,  which  is  a 
potentially  active  fault  branching  out  from  the  San  An- 
dreas about  20  miles  south  of  the  site,  passes  within  a  few 
hundred  feet  of  the  left  abutment  of  the  dam.  The  San 
Andreas  fault  passes  2  miles  east  of  the  site. 

Although  the  dam  was  built  at  a  time  when  earthquake- 
resistant  design  was  poorly  understood  at  best,  the  struc- 
ture withstood  strong  shaking  in  1906  without  apparent 
distress,  and  its  performance  proceeded  without  incident 
except  for  reconstruction  of  the  spillway  in  1937  until 
1969.  In  that  year,  a  substantial  portion  of  the  upstream 
slope  of  Pilarcitos  Dam  failed  when  the  reservoir  was 
essentially  emptied  in  order  to  repair  one  of  the  reservoir 
outlet  valves.  The  firm  of  W.  A.  Wahler  &  Associates  was 
engaged  to  design  remedial  measures  and  the  failure  was 
repaired  by  placing  a  coarse-grained  buttress  fill  against 


the  upstream  face  of  the  dam  and  flattening  the  slope.  The 
buttress  fill  was  keyed  into  shale  bedrock. 


Lower  Crystal  Springs  Dam 

Lower  Crystal  Springs  Dam  is  located  on  the  San  Fran- 
cisco Peninsula  in  San  Mateo  County,  adjacent  to  the  San 
Andreas  fault  zone,  which  forms  the  containment  for  the 
58,000-acre-feet-capacity  reservoir.  This  reservoir  is  the 
main  storage  basin  of  Hetch  Hetchy  water  for  the  City  of 
San  Francisco.  The  curved  concrete  gravity  structure  was 
completed  in  1890  and  has  a  total  height  of  145  feet  above 
its  base.  The  interlocking  concrete  blocks  were  formed  and 
tamped  by  manual  labor,  as  was  common  in  the  late  nine- 
teenth century.  An  innovative  construction  measure, 
however,  was  the  specification  of  the  proportions  of  aggre- 
gate, cement,  and  water  used  in  the  concrete  mix.  This 
resulted  in  a  material  of  uniform  composition  and  high 
quality. 

The  bedrock  in  the  vicinity  of  the  dam  and  around  the 
edge  of  the  reservoir  belongs  to  the  Franciscan  Group,  a 
melange  of  Upper  Jurassic  to  Lower  Cretaceous  marine 
sedimentary  rocks  and  basalts  with  inclusions  of  ultramaf- 
ic  bodies  and  metamorphosed  marine  deposits.  The  al- 
ready chaotic  structure  of  this  group  has  been  disturbed 
further  by  movement  along  the  San  Andreas  and  associat- 
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Figure  4.      Lower  Crystal  Springs  dam:      Plan. 
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Photo  2.  Lower  Crystal  Springs  dam:  189c 
photograph  clearly  shows  structural  use  of 
interlocking  concrete  blocks. 


ed  fault  systems.  The  foundation  of  the  dam  is  a  block  of 
intensely  to  closely  fractured  graywacke.  Numerous  shear 
zones  are  found  on  the  reservoir  shore  near  the  dam.  The 
trace  of  the  1906  rupture  lies  approximately  1,100  feet 
west  of  and  parallel  to  the  downstream  face  of  the  dam. 

Although  it  was  designed  and  built  with  virtually  no 
consideration  for  the  potential  hazards  of  seismic  shaking 
and  ground  rupture,  Lower  Crystal  Springs  Dam  survived 
the  1906  earthquake.  According  to  all  contemporary  re- 
ports, the  earthquake  caused  no  damage  to  the  dam. 
However,  two  nearby  dams  crossing  the  reservoir  were 
offset:  Upper  Crystal  Springs  Dam,  an  earth  dam  which 
has  functioned  only  as  a  dike  and  causeway  since  the 
raising  of  the  concrete  dam,  and  the  older  Hay  ward  Dam, 
which  was  submerged  at  the  time  of  the  earthquake.  While 
the  performance  of  Lower  Crystal  Springs  Dam  during 
the  1906  event  attests  to  its  superior  design  and  construc- 
tion, there  was  no  satisfactory  explanation  for  this  per- 
formance prior  to  a  recent  seismic  safety  study,  and 
therefore  no  reasonable  way  to  predict  the  dam's  response 
to  future  movement  along  the  San  Andreas  fault. 

The  proximity  of  the  dam  to  a  major  active  fault  and  the 
fact  that  the  area  downstream  is  now  densely  populated 
make  the  structural  integrity  of  this  dam  especially  criti- 
cal. An  evaluation  of  the  seismic  stability  of  the  dam  was 
recently  conducted  by  W.  A.  Wahler  &  Associates  in  as- 
sociation with  Lindvall,  Richter  &  Associates,  using  in- 
creased knowledge  in  the  fields  of  geology,  seismology, 
and  earthquake  engineering  that  was  not  available  to  the 
designers  of  the  dam.  The  investigation  identified  the  1906 
line  of  ground  rupture  and  the  limits  of  the  fault  zone  in 
the  reservoir  area  and  established  that  no  fault  traces  pass 
through  the  dam  site  itself.  For  modeling  of  the  dynamic 
response  of  the  dam  under  earthquake  loading,  a  max- 


imum credible  event  was  assumed  to  have  a  Richter  mag- 
nitude of  8.5  and  an  epicenter  in  the  Tomales  Bay  region. 
The  results  of  the  three-dimensional  dynamic  finite  ele- 
ment analysis  indicated  that  the  dam  can  withstand  the 
maximum  credible  earthquake  without  damage  to  the 
structure.  A  sensitivity  study  further  revealed  that  the 
foundation  rock  (a  graywacke  sandstone)  plays  an  impor- 
tant role  in  the  excellent  seismic  performance  of  the  dam. 
Though  the  rock  visually  appears  to  be  hard  and  compe- 
tent, under  microscopic  analysis  it  proved  to  be  pervasive- 
ly crushed  and  brecciated.  The  foundation  acts  as  an 
absorber  of  strain  energy  and  tends  to  protect  the  dam 
from  the  worst  effects  of  seismic  shock. 


Calaveras  Dam 

Calaveras  Dam,  which  is  part  of  the  water  supply  sys- 
tem of  the  City  and  County  of  San  Francisco,  is  located 
in  Santa  Clara  County  on  Calaveras  Creek  in  the  Diablc 
Mountain  Range,  approximately  10  miles  northeast  of  San 
Jose,  California.  The  combined  hydraulic-fill  and  earth- 
fill  dam  has  a  height  of  approximately  220  feet  above 
streambed  and  a  crest  length  of  about  1,200  feet.  The 
embankment  contains  approximately  3.5  million  cubic 
yards  of  material.  The  dam's  reservoir  has  a  storage 
capacity  of  about  100,000  acre-feet  of  water. 

The  geology  of  the  dam  site  is  complex.  The  bedrock 
underlying  the  site  is  primarily  Franciscan  Formatior 
sandstone  and  schist.  Several  masses  of  serpentine  occui 
under  the  left  side  of  the  dam.  The  sandstone  and  serpen 
tine  are  typically  crushed,  although  both  contain  intaci 
masses.  The  schist  is  usually  hard  and  strong.  Tertiar} 
marine  sediments,  which  are  thought  to  be  in  fault  contact 
with  the  Franciscan  Formation  and  the  serpentine  on  the 
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Photo  3.     Calaveras  dam:     Upstream  face  after  1975  remedial  construction. 


Figure  5.      Calaveras  dam:      Typical  cross-section. 
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upper  left  abutment,  comprise  most  of  the  section  between 
the  abutment  and  the  Calaveras  fault  zone  about  500  feet 
west  of  the  dam.  The  fault  contact  is  possibly  a  splinter  of 
the  Calaveras  fault.  The  fault  traverses  the  entire  length 
of  the  reservoir,  and  it  is  about  2,000  feet  wide  at  its  closest 
point  to  the  dam. 

The  Calaveras  fault  is  one  of  the  three  major  faults  in 
the  San  Francisco  Bay  area.  The  two  other  major  faults, 
the  San  Andreas  and  the  Hayward,  pass  within  23  miles 
and  5  miles  to  the  west  of  the  Calaveras  Dam  site,  respec- 
tively. The  Calaveras  fault  is  approximately  90  miles  long, 
extending  northward  from  its  junction  with  the  main  San 
Andreas  fault  a  few  miles  south  of  the  town  of  Hollister. 
Surface  ground  breakage  was  reported  in  the  Livermore 
area  resulting  from  an  earthquake  in  1861.  Tectonic  creep, 
particularly  in  the  Hollister  area,  attests  to  continuing 
activity  along  the  Calaveras  fault. 

Because  of  the  local  bedrock  geology  and  the  proximity 
to  the  Calaveras  fault,  an  earth  structure  was  selected 
when  the  final  design  and  site  location  were  decided  in 
1913.  Calaveras  was  to  be  a  hydraulic-fill  dam  which 
could  be  constructed  of  locally  available  materials.  Con- 
struction began  in  1913.  In  the  core  area,  the  original 
stream  alluvium  was  removed  and  a  25-foot-wide  trench 
was  excavated  8  feet  into  the  bedrock.  The  outer  zones  of 
the  dam  were  founded  on  the  alluvium.  Upstream  and 
downstream,  dikes  of  dumped,  coarse  fill  were  construct- 
ed; clayey  soils  were  sluiced  into  the  area  between  the 
dikes.  In  1918,  as  the  dam  neared  completion,  a  massive 
failure  occurred  which  involved  the  upstream  shell  and 
the  core.  When  construction  was  resumed,  the  upstream 
and  downstream  shells  were  raised  by  dumping  from  rail 
cars  and  the  central  core  was  placed  and  completed  as  a 
rolled  fill,  which  was  a  rather  new  method  of  earth-dam 
construction  at  the  time. 

After  the  San  Fernando  earthquake  of  February  9, 
1971,  and  the  near-disastrous  failure  of  the  Lower  San 
Fernando  Dam,  a  hydraulic-fill  embankment  in  southern 
California,  concern  developed  throughout  the  state  for  the 
adequacy  of  hydraulic-fill  dams  subjected  to  earthquake 
shaking.  Officials  of  the  San  Francisco  Water  Department 
ordered  an  evaluation  of  the  seismic  stability  of  Calaveras 
Dam.  In  late  1971,  an  investigation  was  begun  by  W.  A. 
Wahler  &  Associates  which  included  data  review,  site 
geologic  and  soils  investigation,  geophysical  surveys,  labo- 
ratory testing,  and  both  static  and  dynamic  finite  element 
analyses.  The  investigation  was  completed  in  1972.  As  a 
result  of  this  detailed  investigation,  it  was  concluded  that 
the  embankment  could  suffer  catastrophic  damage  by 
slumping  and  overtopping  of  the  crest  under  dynamic 
loading  from  a  major  earthquake  on  either  the  Calaveras, 
the  Hayward,  or  the  San  Andreas  faults.  Preventive  stabi- 
lization was  recommended.  Analyses  of  several  modifica- 
tion schemes  showed  that  the  performance  of  the  dam 
could  be  improved  to  acceptable  standards  by  the  addition 
of  a  stabilizing  mass  of  400,000  cubic  yards  of  rock  above 


the  upstream  shell  of  the  dam.  The  remedial  construction 
was  begun  in  1974  and  completed  in  1975  at  a  cost  of 
about  $1.7  million  dollars. 


Lafayette  Dam 


ia,  is 


Lafayette  Dam  in  Contra  Costa  County,  California, 
part  of  the  water  supply  system  of  the  East  Bay  Municipal 
Utility  District  (EBMUD) .  The  dam  is  of  rolled  earth-fill 
construction  with  a  height  of  1 10  feet  above  streambed,  a 
crest  length  of  1,200  feet,  a  crest  width  of  210  feet,  and  a 
maximum  storage  capacity  of  4,750  acre-feet  of  water. 

The  dam  blocks  a  short  valley  that  has  been  carved  into 
folded  sedimentary  rocks  of  the  Orinda  Formation  of  Ter- 
tiary age.  Both  abutments  consist  of  rocks  of  the  Orinda 
Formation.  However,  the  middle  section  of  the  embank- 
ment is  founded  on  approximately  90  feet  of  alluvial 
deposits  which  consist  mainly  of  sandy  to  silty  clay.  The 
alluvium  is  in  turn  underlain  by  the  Orinda  Formation. 
The  Orinda  Formation  at  the  dam  site  consists  of  relative- 
ly strong,  northwest-trending,  southwest-dipping,  in- 
terbedded,  poorly  cemented  conglomerate,  sandstone, 
siltstone,  and  claystone.  The  dam  is  located  in  a  highly 
seismic  area  approximately  3.8  miles  west  of  the  Calaveras 
fault,  6.0  miles  east  of  Hayward  fault,  and  24.9  miles  east 
of  the  San  Andreas  fault.  No  active  faulting  is  known  tc 
exist  under  the  dam  or  its  abutments. 

Dam  construction  began  in  August  1927  with  place- 
ment of  a  central  cutoff  trench  and  sheet  pile  and  a  con- 
crete cutoff  wall.  Steel  sheet  piles  were  driven  45  feet  into 
the  alluvium  or  to  the  top  of  the  Orinda  Formation, 
whichever  occurred  first.  The  embankment  was  construct- 
ed to  a  height  of  110  feet  from  March  to  September  of 
1928,  at  an  average  rate  of  17  feet  per  month.  The  embank- 
ment materials  were  obtained  from  the  reservoir  area  and 
from  sidehills  above  the  dam.  The  most  clayey  soils  from 
the  reservoir  borrow  area  were  placed  in  the  central  core 
and  soils  with  minimum  and  intermediate  clay  content 
were  placed  in  the  downstream  and  upstream  shells,  re- 
spectively. A  major  failure  involving  virtually  the  entire 
downstream  shell  occurred  in  September  1928  when  the 
dam  was  80  percent  complete.  The  failure  apparently  was 
associated  with  excess  pore  pressures  which  developed 
within  the  fine-grained  alluvial  foundation  as  a  result  ol 
the  rapid  rate  of  construction.  Subsequently,  the  slide 
scarps  and  cracks  were  filled  and  the  surface  of  the  em- 
bankment was  regraded  without  significantly  altering  the 
configuration  that  existed  after  the  failure.  The  crest  of  the 
newly-shaped  dam  was  established  some  35  feet  lower 
than  originally  planned. 

In  1973,  because  of  the  proximity  of  Lafayette  Dam  tc 
three  major  active  faults,  and  because  of  the  uncertain 
foundation  conditions,  EBMUD  officials  retained  W.  A 
Wahler  &  Associates  to  evaluate  the  performance  and 
stability  of  the  dam  under  earthquake  loading.  As  part  ot 


1980 


SAN  ANDREAS  FAULT  ZONE  IN  NORTHERN  CALIFORNIA 


185 


Photo  4.     Lafayette  dam  and  reservoir. 
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Figure  6.     Lafayette  dam:     Typical  section. 


the  seismic  stability  analysis,  a  detailed  static  and  dynamic 
finite  element  analysis  was  performed.  The  dynamic  re- 
sponse analyses  considered  the  possibility  of  major  earth- 
quake ground  motions  from  any  one  of  the  three  major 
fault  systems.  A  thorough  investigation  of  the  response  of 
the  dam  to  each  of  these  design  earthquakes  indicated  that 
the  most  critical  response  of  the  dam  is  associated  with  the 
San  Andreas  fault.  The  design  earthquake  selected  along 
the  San  Andreas  fault  25  miles  away  considered  a  Richter 
magnitude  of  8.3  producing  a  peak  base  rock  acceleration 


of  0.40  g  with  a  predominant  period  of  0.41  second  and 
a  duration  of  strong  shaking  of  75  seconds. 

The  results  of  the  detailed  site  investigation,  laboratory 
testing,  and  dynamic  analyses  indicated  that  it  was  highly 
improbable  that  liquefaction  of  the  foundation  alluvium 
could  develop;  a  maximum  shear  displacement  of  8  to  9 
feet  may  occur  within  the  upstream  foundation,  and 
smaller  shear  displacements  are  expected  to  develop  in 
other  areas  of  the  embankment  and  foundation.  The  max- 
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imum  loss  in  freeboard  resulting  from  upstream  embank- 
ment and  foundation  distortions  is  expected  to  be  between 
2  and  3  feet.  On  this  basis,  it  was  concluded  that  Lafayette 
Dam  will  respond  favorably  during  a  major  earthquake 
emanating  from  the  Calaveras,  Hayward,  or  San  Andreas 
fault,  and  that  no  remedial  measure  was  necessary  to  for- 
tify the  dam  against  earthquake  loading. 


Coyote  Dam 

Coyote  Dam  in  Santa  Clara  County  is  part  of  the  water 
supply  system  of  the  Santa  Clara  Valley  Water  District. 
The  dam  is  a  homogeneous  earth-fill  embankment  with 
upstream  and  downstream  rockfills.  The  dam  has  a  max- 
imum height  of  140  feet,  a  crest  width  of  about  100  feet, 
a  crest  length  of  980  feet,  and  a  reservoir  storage  capacity 
of  23,700  acre-feet  of  water.  Construction  began  in  1935 


and  was  completed  by  1936.  Numerous  construction 
problems  beset  the  project,  including  a  left  abutment  slide 
into  a  cutoff  trench,  variable  quality  of  impervious  materi- 
al available  for  the  core,  and  degradation  of  upstream 
rockfill.  However,  the  only  incident  of  damage  during  its 
40-year  operating  period  occurred  in  1937,  when  heavy 
rains  caused  severe  spillway  damage  which  took  three 
years  to  repair. 

Coyote  Dam  is  located  across  the  lower  elevations  of 
Coyote  Canyon  and  is  underlain  chiefly  by  faulted  sedi- 
mentary and  serpentine  rocks  of  the  Franciscan  Forma- 
tion. Tertiary  sedimentary  and  volcanic  rocks  occur  in 
fault  contact  with  the  Franciscan  rocks  southwest  of  the 
left  abutment.  The  right  abutment  and  spillway  are  situ- 
ated in  the  Cretaceous  Berryessa  Formation  which  con- 
sists of  a  basal  unit  of  conglomerate-sandstone  overlain  by 
a  unit  of  clay-shale.  The  channel  section  of  the  dam,  the 
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Figure  7  A.     Coyote  dam:     Plan  based  on  1937  as-built  drawings. 
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Figure  7B.     Coyote  dorm     Typical  section,  based  on  1937  as-built  drawings. 


lower  right  abutment,  and  the  left  abutment  are  underlain 
by  pervasively  fractured  and  crushed  rocks  of  the  Francis- 
can Formation  and  form  part  of  the  Calaveras  fault  zone. 

A  major  concern  during  design  of  Coyote  Dam  was  the 
presence  of  the  Calaveras  fault  which  passes  through  the 
foundation  of  the  dam  and  a  part  of  the  reservoir.  This 
fault  has  been  associated  with  historic  large-magnitude, 
destructive  earthquakes  and  is  a  potential  source  of  strong 
shaking  and  ground  rupture  at  the  site.  The  Coyote  Creek 
fault,  a  smaller  fault  located  in  the  vicinity  of  the  dam  site, 
is  also  considered  potentially  active.  There  was  apparently 
a  difference  of  opinion  during  design  between  Mr.  George 
Louderback,  the  geologist  on  the  District's  consulting 
board,  and  Professor  C.  F.  Tolman,  consulting  geologist 
for  the  District,  regarding  certain  characteristics  of  the 
Calaveras  fault  and  the  probable  response  of  the  dam 
during  a  major  earthquake.  These  differences  were  finally 
resolved  by  agreeing  that  an  engineering  geologist  from 
the  State  Division  of  Water  Resources  would  make  regu- 
lar site  visits  during  construction  to  observe  and  map  the 
character  and  attitude  of  the  fault. 

A  review  of  the  seismic  stability  of  Coyote  Dam  com- 
pleted by  W.  A.  Wahler  &  Associates  in  1977  considered 
not  only  the  potential,  devastating  effects  of  fault  rupture 
along  the  Calaveras  fault,  but  also  the  possibility  of  strong 
ground  shaking  from  either  the  San  Andreas  or  the  Hay- 


ward  fault,  each  less  than  15  miles  from  the  site.  The 
design  earthquake  used  for  these  studies  was  a  7.5  magni- 
tude event  along  the  Calaveras  fault.  The  seismic  analyses 
indicated  that  fault  movement  within  the  dam  foundation 
could  cause  up  to  15  feet  of  horizontal  displacement  and 
possibly  up  to  5  feet  of  vertical  offset  within  the  dam.  The 
possible  effects  of  such  fault  offsetting  were  considered  to 
include  permanent  distortions  in  the  dam,  spillway  dam- 
age, and  slumping  on  the  slopes  surrounding  the  reservoir 
generating  seiche  waves.  However,  because  of  the  plastic 
nature  and  other  beneficial  material  properties  of  the  core 
material,  coupled  with  the  fact  that  the  core  is  in  contact 
with  the  foundation  over  60  percent  of  the  base  of  the  dam, 
it  was  concluded  that  the  integrity  of  the  dam  would  be 
maintained  during  a  major  earthquake  and,  therefore,  that 
no  remedial  fortifications  were  necessary. 
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